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ABSTRACT 
 
Vapor intrusion (VI) pathway assessment often involves the collection and 
analysis of groundwater, soil gas, and indoor air data.  There is temporal variability in 
these data, but little is understood about the characteristics of that variability and how it 
influences pathway assessment decision-making. This research included the first-ever 
collection of a long-term high-frequency indoor air data set at a house with VI impacts 
overlying a dilute chlorinated solvent groundwater plume.  It also included periodic 
synoptic snapshots of groundwater and soil gas data and high-frequency monitoring of 
building conditions and environmental factors. Indoor air trichloroethylene (TCE) 
concentrations varied over three orders-of-magnitude under natural conditions, with the 
highest daily VI activity during fall, winter, and spring months.  These data were used to 
simulate outcomes from common sampling strategies, with the result being that there was 
a high probability (up to 100%) of false-negative decisions and poor characterization of 
long-term exposure.  Temporal and spatial variability in subsurface data were shown to 
increase as the sampling point moves from source depth to ground surface, with 
variability of an order-of-magnitude or more for sub-slab soil gas. It was observed that 
indoor vapor sources can cause subsurface vapor clouds and that it can take days to 
weeks for soil gas plumes created by indoor sources to dissipate following indoor source 
removal. A long-term controlled pressure method (CPM) test was conducted to assess its 
utility as an alternate approach for VI pathway assessment. Indoor air concentrations 
were similar to maximum concentrations under natural conditions (9.3 μg/m3 average vs. 
13 μg/m3 for 24 h TCE data) with little temporal variability.  A key outcome was that 
there were no occurrences of false-negative results.  Results suggest that CPM tests can 
 ii 
produce worst-case exposure conditions at any time of the year. The results of these 
studies highlight the limitations of current VI pathway assessment approaches and 
demonstrate the need for robust alternate diagnostic tools, such as CPM, that lead to 
greater confidence in data interpretation and decision-making. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 iii 
ACKNOWLEGEMENTS 
 
 I wish to express my deepest gratitude to my advisor, Dr. Paul C. Johnson, for 
providing me numerous opportunities to excel as a graduate student and researcher. I 
would also like to thank him for his guidance, support, and contributions to this work. In 
addition, I would like to thank Dr. Paul Dahlen and Dr. Hong Luo, for their help and 
advice throughout my graduate school years. Without their unwavering effort, this work 
would not have been possible.  
 I would like to thank the members of my committee, Dr. Matt Fraser and Dr. 
Erica Forzani for their comments, questions, and support in the latter part of this research.  
This work required substantial collaboration with Hill Air Force Base. I’m 
indebted to both Mr. Kyle Gorder and Dr. Erik Dettenmaier for their patience and support 
over the course of this project. 
 I would also like to acknowledge the Strategic Environmental Research and 
Development Program (SERDP) for funding this research. 
 The support provided by the graduate student community at ASU was greatly 
appreciated. I would like to thank the past and present students of my research group, Mr. 
Yuanming Guo, Dr. Bridget Cavanagh, Mr. Sean Wilson, Dr. Ryan Ekre, and Dr. Elsy 
Escobar, for their help in the laboratory, edits and suggestions, and friendship. 
Finally, I’m grateful for the love and support I’ve received from my family and 
friends. A special thanks to my loving fiancée, Leah, for her help and encouragement 
throughout this process.  
 
 iv 
TABLE OF CONTENTS 
                                                                                                                                        Page 
LIST OF TABLES ............................................................................................................ vii 
LIST OF FIGURES ......................................................................................................... viii 
CHAPTER                                                                                                                       
 1      LITERATURE REVIEW AND RESEARCH OBJECTIVE .............................. 1 
1.1 Introduction .............................................................................................. 1 
1.2 Research Objective................................................................................. 25 
1.3 Dissertation Organization ...................................................................... 26 
1.4 References .............................................................................................. 28 
 2      TEMPORAL VARIABILITY OF INDOOR AIR CONCENTRATIONS 
UNDER NATURAL CONDITIONS IN A HOUSE OVERLYING A DILUTE 
CHLORINATED SOLVENT GROUNDWATER PLUME ............................. 36 
2.0 Abstract .................................................................................................. 36 
2.1 Introduction ............................................................................................ 37 
2.2 Site Description ...................................................................................... 40 
2.3 Experimental Methods ........................................................................... 44 
2.4 Results and Discussion .......................................................................... 47 
2.5 Supporting Information .......................................................................... 61 
2.6 References .............................................................................................. 62 
 3      TEMPORAL AND SPATIAL VARIABILITY OF GROUNDWATER AND 
SOIL GAS CONCENTRATIONS ABOVE A DILUTE CHLORINATED 
SOLVENT-IMPACTED GROUNDWATER PLUME ..................................... 64 
 v 
CHAPTER                                                                                                                      Page 
3.0 Abstract .................................................................................................. 64 
3.1 Introduction ............................................................................................ 65 
3.2 Site Description ...................................................................................... 68 
3.3 Experimental Approach ......................................................................... 69 
3.4 Experimental Methods ........................................................................... 70 
3.5 Results and Discussion .......................................................................... 73 
3.6 References .............................................................................................. 98 
 4      CREATION OF A SUB-SLAB SOIL GAS PLUME BY AN INDOOR AIR 
SOURCE AND ITS DISSIPATION FOLLOWING SOURCE REMOVAL . 100 
4.0 Abstract ................................................................................................ 100 
4.1 Introduction .......................................................................................... 101 
4.2 Experimental Design and Methods ...................................................... 103 
4.3 Results and Discussion ........................................................................ 107 
4.4 References ............................................................................................ 127 
 5      LONG-TERM EVALUATION OF THE CONTROLLED PRESSURE 
METHOD FOR ASSESSMENT OF THE VAPOR INTRUSION PATHWAY
.......................................................................................................................... 129 
5.0 Abstract ................................................................................................ 129 
5.1 Introduction .......................................................................................... 130 
5.2 Experimental Design ............................................................................ 133 
5.3 Results and Discussion ........................................................................ 137 
5.4 Supporting Information ........................................................................ 151 
 vi 
CHAPTER                                                                                                                      Page 
5.5 References ............................................................................................ 157 
 6      CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK .... 160 
6.1 Conclusions .......................................................................................... 160 
6.2 Recommendations for Future Work..................................................... 163 
6.3 References ............................................................................................ 166 
BIBLIOGRAPHY ........................................................................................................... 167 
APPENDIX 
 I      SITE DESCRIPTION ...................................................................................... 177 
 II     EXPERIMENTAL METHODS....................................................................... 189 
 III     SUPPLEMENTAL RESULTS FROM GROUNDWATER, SOIL GAS, AND   
AIR MONITORING DURING NATURAL CONDITIONS .......................... 212 
 IV    DIFFERENTIAL PRESSURE MONITORING RESULTS UNDER 
NATURAL CONDITIONS ............................................................................. 239 
 V     SUPPLEMENTAL INFORMATION AND RESULTS FROM INDOOR 
SOURCE RELEASE STUDIES ...................................................................... 256 
 VI    SUPPLEMENTAL RESULTS FROM GROUNDWATER, SOIL GAS, AND 
       AIR MONITORING DURING CONTROLLED PRESSURE METHOD     
TESTING ......................................................................................................... 299 
 VII   STUDY SITE ACTIVITY LOG ...................................................................... 309 
 VII I  EVALUATION OF THE RELATIONSHIP BETWEEN ENVIRONMENTAL 
FACTORS AND INDOOR AIR CONCENTRATIONS ................................ 319 
 
 vii 
LIST OF TABLES 
Table               Page 
2.1 Probability of One or More Indoor Air Samples Exceeding the Target 
Concentration for a Range of (Target Concentration/True Mean Concentration) 
Ratios and Three Different Sampling Strategies. ................................................. 57 
3.1 Summary Statistics for Each Soil Gas Sampling Location and Depth. ................ 95 
4.1 Summary of Indoor Source Modeling Scenarios ................................................ 122 
5.1 Characteristics of Indoor Air Concentration Data Sets Under Natural and 
Controlled Pressure Method (CPM) Conditions. ................................................ 142 
5.2 Characteristics of Emission Rate Data Sets Under Natural and Controlled Pressure 
Method (CPM) Conditions. ................................................................................ 143 
 
 
 
 
 
 
 
   
 
 viii 
LIST OF FIGURES 
Figure               Page 
1.1 Conceptual Model of the Vapor Intrusion Pathway. .............................................. 2 
2.1 Photo of Study House and Schematic of Building Footprint and Sampling 
Locations. .............................................................................................................. 40 
2.2 Monthly TCE Concentrations in Groundwater Averaged Across Sampling 
Locations Beneath the Foundation and Monthly Measured Groundwater 
Elevations at Location GW3. ................................................................................ 42 
2.3 Instantaneous and Daily-Average Indoor Air Exchange Rate for the Lower Level 
of the Study House. ............................................................................................... 44 
2.4 Indoor Air TCE Concentrations Measured by Portable GC/MS and Sorbent Tubes 
From February 2010 to August 2012 (Note: Values ≤0.011 ppbv are Plotted as 
0.011 ppbv to Make it Clear That Samples Were Collected at Those Times). ..... 48 
2.5 Temporal Behavior of TCE in Indoor Air During a VI-Active Period (Values 
≤0.011 ppbv are Plotted as 0.011 ppbv). ................................................................ 50 
2.6 Temporal Behavior of TCE in Indoor Air During a VI-Dormant Period (Values 
≤0.011 ppbv are Plotted as 0.011 ppbv). ................................................................ 51 
2.7 Synthetic 24-h Sample Data Set Derived From Data in Figure 2.4 (Excluding 
0≤t≤60 Days Data; Values ≤0.011 ppbv are Plotted as 0.011 ppbv). .................... 53 
2.8 Seasonal and all Indoor Air Concentration Distributions Derived From the t = 61 
to 738 d Synthetic Data in Figure 2.7, With Concentrations Normalized to the 
MDL Assigned to the Synthetic Data Set (0.01 ppbv). ......................................... 56 
 
 ix 
Figure                                                                                                                             Page 
2.9 Distribution of Sample Means for 5000 Sampling Realizations and Three Simple 
Sampling Schemes, With Concentrations Normalized by the True Mean for the t= 
61 to 738 d Synthetic Data (0.09 ppbv) Shown in Figure 2.7. .............................. 60 
2.S1 Histogram of 24-h Averages for Sorbent Tube and Portable GC/MS Samples by 
Season. .................................................................................................................. 61 
3.1 Building Footprint Schematic Showing Sampling Locations. .............................. 69 
3.2 TCE Concentrations in Groundwater at 2.7 m Below-Slab Interior Sampling 
Points From August 2010 to August 2012. ........................................................... 75 
 3.3 TCE Concentrations in Groundwater at Shallow Exterior Sampling Points From 
August 2010 to August 2012. ............................................................................... 76 
3.4 Box and Whisker Plot of TCE Concentrations in Interior and Shallow Exterior 
Groundwater From August 2010 to August 2012................................................. 77 
3.5 Soil Gas Concentration Contour plots for 1.8 m Below-Slab Depth Sampling 
Points From (a) August 2010, (b) November 2010, (c) December 2010, and (d) 
March 2011. .......................................................................................................... 78 
3.6 Soil Gas Concentration Contour Plots for 1.8 m Below-Slab Depth Sampling 
Points From (a) April 2011, (b) May 2011, (c) July 2011, and (d) August 2011. 79 
3.7 Soil Gas Concentration Contour Plots for 1.8 m Below-Slab Depth Sampling 
Points From (a) September 2011, (b) November 2011, (c) December 2011, and 
(d) January 2012. .................................................................................................. 80 
 
 
 x 
Figure                                                                                                                             Page 
3.8 Soil Gas Concentration Contour Plots for 1.8 m Below-Slab Depth Sampling 
Points From (a) February 2012, (b) April 2012, (c) May 2012, and (d) August 
2012....................................................................................................................... 81 
3.9 Box and Whisker Plot of TCE Concentrations in Soil Gas at 1.8 m Below-Slab 
Depth Sampling Points From August 2010 to August 2012. ............................... 82 
3.10 Soil Gas Concentration Contour Plots for 0.9 m Below-Slab Depth Sampling 
Points From (a) August 2010, (b) November 2010, (c) December 2010, and (d) 
March 2011. .......................................................................................................... 83 
3.11 Soil Gas Concentration Contour Plots for 0.9 m Below-Slab Depth Sampling 
Points From (a) April 2011, (b) May 2011, (c) July 2011, and (d) August 2011. 84 
3.12 Soil Gas Concentration Contour Plots for 0.9 m Below-Slab Depth Sampling 
Points From (a) September 2011, (b) November 2011, (c) December 2011, and 
(d) January 2012. .................................................................................................. 85 
3.13 Soil Gas Concentration Contour Plots for 0.9 m Below-Slab Depth Sampling 
Points From (a) February 2012, (b) April 2012, (c) May 2012, and (d) August 
2012....................................................................................................................... 86 
3.14 Box and Whisker Plot of TCE Concentrations in Soil Gas at 0.9 m Below-Slab 
Depth Sampling Points From August 2010 to August 2012. ............................... 87 
3.15 Soil Gas Concentration Contour Plots for Sub-Slab Depth Sampling Points From 
(a) August 2010, (b) November 2010, (c) December 2010, (d) and March 2011. 88 
3.16 Soil gas concentration contour plots for sub-slab depth sampling points from (a) 
April 2011, (b) May 2011, (c) July 2011, and (d) August 2011. .......................... 89 
 xi 
Figure                                                                                                                             Page 
3.17 Soil Gas Concentration Contour Plots for Sub-Slab Depth Sampling Points From 
(a) September 2011, (b) November 2011, (c) December 2011, and (d) January 
2012....................................................................................................................... 90 
3.18 Soil Gas Concentration Contour Plots for Sub-Slab Depth Sampling Points From 
(a) February 2012, (b) April 2012, (c) May 2012, and (d) August 2012. ............. 91 
3.19 Box and Whisker Plot of TCE Concentrations in Soil Gas at Sub-Slab Depth 
Sampling Points From August 2010 to August 2012. .......................................... 92 
3.20 TCE Concentration in Sub-Slab and 0.9 m Below-Slab Soil Gas at Location 1 
From May 2011 to April 2012. ............................................................................. 96 
3.20 TCE Concentration in Sub-Slab and 0.9 m Below-Slab Soil Gas at Location 6 
From May 2011 to April 2012. ............................................................................. 97 
4.1 Conceptual Schematic of the Indoor Source Release Experiment. ..................... 104 
4.2 Schematic of Building Footprint With Sampling Locations and SF6 Release 
Location. ............................................................................................................. 105 
4.3 Daily 24-h Average Differential Pressures Measured Between Soil Gas and 
Indoor Air at Location 5 With Error Bars Spanning the 10th and 90th Percentile 
of the Real-Time Data. ........................................................................................ 108 
4.4 Daily 24-h Average SF6 Concentrations in Indoor Air and Sub-Slab Soil Gas at 
Location 3 From Winter 2010 Through Summer 2012 With Error Bars Spanning 
the Daily Maximum and Minimum Values. ....................................................... 110 
4.5 Average Estimated Mass of SF6 in Soil Gas Below the Study From Synoptic Soil 
Gas Survey Data With Error Bars Spanning the Range of Estimated Values. ... 112 
 xii 
Figure                                                                                                                             Page 
4.6 SF6 Concentration Contour Plots for Soil Gas at Depths of Sub-Slab (SS), 0.9 BS, 
and 1.8 m BS From t = 329.. ............................................................................... 114 
4.7 SF6 Concentration Contour Plots for Soil Gas at Depths of Sub-Slab (SS), 0.9 BS, 
and 1.8 m BS From t = 515.. ............................................................................... 115 
4.8 Instantaneous SF6 Concentrations in Indoor Air and SS and 0.9 m BS Soil Gas at 
Location 3 From 655 < t < 695 d Showing the Results of Introduction and 
Removal of an Indoor Source. ............................................................................ 117 
4.9 Instantaneous SF6 Concentrations in Indoor Air and Sub-Sab (SS) and 0.9 m BS 
Soil Gas at Location 3 From 1460 < t < 1512 d Showing the Results of Indoor 
Source Removal With the Land Drain Lateral Pipe Valve Closed. .................... 118 
4.10 Plan View Schematic of Model Domain, Including Sampling Locations. ......... 123 
4.11 Contour Plots of Simulated SF6 Soil Gas Concentrations at Depths of Sub-Slab 
(SS), 1 m BS, and 1.8 m BS Following 720 h of Indoor Source Release With a -2 
Pa Building Over-Pressurization Condition........................................................ 124 
4.12 Simulation 1 (Over-Pressurization Following Indoor Source Release Stop) Results 
Showing SF6 Concentrations in Indoor Air and Soil Gas at Sub-Slab (SS) and 1 m 
BS Depths at Locations A and B Following Indoor Source Removal.. .............. 125 
4.13 Simulation 4 (Under-Pressurization Following Indoor Source Release Stop) 
Results Showing SF6 Concentrations in Indoor Air and Soil Gas at Sub-Slab (SS) 
and 1 m BS Depths at Locations A and B Following Indoor Source Removal. . 126 
5.1 Controlled Pressure Method (CPM) Long-Term Test Schematic. ..................... 133 
 
 xiii 
Figure                                                                                                                             Page 
5.2 Daily Average Indoor Air TCE and Radon Concentrations and Building Flow 
Rate Values With Error Bars Spanning the Maximum and Minimum Real-Time 
Values for Each Day During CPM Testing. ....................................................... 139 
5.3 Daily Average Emission Rates of TCE and Radon With Error Bars Spanning the 
Maximum and Minimum Real-Time Values During CPM Testing. .................. 140 
5.4 Daily Average Emission Rates of TCE and Radon With Error Bars Spanning the 
Maximum and Minimum Real-Time Values During Natural Conditions. ......... 145 
5.S1 (a) Schematic Showing the Location of the Lateral Pipe and Land Drain System 
Relative to the Front of the Study House; Photos (b) of the Excavation Process to 
Uncover the Lateral Pipe and (c) the Lateral Pipe. ............................................. 151 
5.S2 Average TCE Concentration of Groundwater Samples Collected Below the 
Building Foundation at 2.7 m (9 ft) Below-Slab (BS) and Groundwater Depth 
Below Slab at GW3. ........................................................................................... 152 
5.S3 Schematic of Building Footprint and Sampling Locations. ................................ 153 
5.S4 24-h Average Differential Pressure Values Between Indoor Air and Outdoor Air, 
and Indoor Air and Sub-Slab Soil Gas at Location 5, With Error Bars Spanning 
the 90th and 10th Percentile of the Daily Data Sets. .......................................... 154 
5.S5 Daily Precipitation Values From the Ogden-Hinckley Airport Weather Station 
Obtained From the National Oceanic and Atmospheric Administration’s National 
Climatic Data Center........................................................................................... 155 
 
 
 xiv 
Figure                                                                                                                             Page 
5.S6 Average Daily Wind Speed From the Ogden-Hinckley Airport Weather Station 
Obtained From the National Oceanic and Atmospheric Administration’s National 
Climatic Data Center........................................................................................... 156 
5.S7 Maximum and Minimum Daily Temperature Values From the Ogden-Hinckley 
Airport Weather Station Obtained From the National Oceanic and Atmospheric 
Administration’s National Climatic Data Center. ............................................... 157 
 1 
CHAPTER 1 
LITERATURE REVIEW AND RESEARCH OBJECTIVE 
This chapter provides an overview of vapor intrusion, including vapor intrusion 
guidance and assessment, a review of published research studies, and a summary of 
challenges and opportunities for improving our understanding of vapor intrusion and 
vapor intrusion pathway assessment. The chapter closes with a discussion of the objective 
of this dissertation and its structure. 
 
1.1 INTRODUCTION 
1.1.1 Background. At sites that contain volatile organic compounds (VOCs) in 
soil or groundwater, there is a potential for the migration of emitted vapors from the 
subsurface to indoor air (Little et al., 1992; USEPA, 2002; ITRC, 2007; USEPA 2012a). 
The average adult spends upwards of 90% of their time indoors, so the migration and 
accumulation of VOCs in buildings can pose short-term (acute) and long-term (chronic) 
health concerns due to inhalation (USEPA, 2002; Schuver, 2007; Burk and Zarus, 2013). 
For example, trichloroethylene (TCE) has been shown to be carcinogenic to humans by 
all routes of exposure (i.e., ingestion, dermal contact, and inhalation). Other 
noncancerous effects of TCE have been documented and include birth defects and 
toxicity to the central nervous system, kidney, liver, immune system and male 
reproductive system (Chiu et al., 2013). Recently, maternal exposure to TCE arising from 
vapor intrusion (VI) was associated with cardiac defects, low birth weight, and fetal 
growth restrictions in Endicott, New York (Forand et al., 2012).  
 2 
Vapor intrusion (VI) is defined as the migration of volatile chemicals from 
contaminated soil or groundwater into overlying buildings as shown conceptually in 
Figure 1.1. Recent estimates suggest that there are over 100,000 contaminated sites in the 
U.S. with the potential for VI to occur (Collier et al., 2011). 
 
 
Figure 1.1. Conceptual model of the vapor intrusion pathway. 
 
Typically the chemicals of greatest concern in VI pathway investigations are 
VOCs from chemical wastes of human origin (anthropogenic). These include chlorinated 
hydrocarbons (CHCs), such as 1,1,1-trichloroethane (1,1,1-TCA), TCE, and 
tetrachloroethylene (PCE), and petroleum hydrocarbons (PHCs), such as benzene, 
toluene, ethylbenzene, and xylene (BTEX) (DOD, 2009; USEPA, 2012a). Chemicals of 
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interest also include elemental mercury and some semi-volatile organic compounds 
(SVOCs), but VI issues arising from these are thought to be less common (DOD, 2009).  
Early research on the transport of gases from the subsurface to indoor air focused 
on radon (Nazaroff et al., 1985a; Nazaroff et al., 1985b; Nazaroff et al., 1987; Nazaroff, 
1992; Loureiro et al., 1990; Riley et al., 1999). In the late 1980’s and early 1990’s, 
interest in the transport of anthropogenic chemicals grew as several groups reported 
evidence of subsurface migration of VOCs to indoor air near sites with groundwater 
and/or soil contamination (Garbesi and Sextro, 1989; Kullman and Hill, 1990; Moseley 
and Meyer, 1992; Hodgson et al., 1992; ITRC, 2007). This was also around the time 
when the Johnson and Ettinger model (1991) for estimating the intrusion rate of VOCs 
into buildings was published and the beginning of the application of risk-based corrective 
action at petroleum release sites (ASTM, 1994), both of which further increased concern 
about VI (McHugh et al., 2004). 
The VI pathway began receiving national attention in the late 1990s and early 
2000s when elevated indoor air concentrations of CHCs were discovered in buildings 
near sites in Colorado and New York (Folkes et al., 2009; Johnson et al., 2009). Due in 
part to the failure of modelers to predict the observed indoor air impacts at those sites, the 
Corrective Action Branch of the Office of Solid Waste and Emergency Response 
(OSWER) developed guidance for assessing the vapor intrusion pathway at corrective 
action sites (McHugh et al., 2004).  
The sites in Colorado (i.e., Redfield Site and CDOT-MTL) and New York (IBM 
Corporation – Endicott) all involved residences overlying large CHC-impacted 
groundwater plumes. CHC-impacted soil and groundwater sites are often considered the 
 4 
most challenging to assess for VI impacts. This is because many CHC dissolved plumes 
are large and have the potential to impact many buildings. For example, the CHC-
impacted groundwater plume extending from the Redfield Site in Colorado extends over 
13,000 feet down gradient and initial indoor air sampling occurred at more than 800 
residences, with 387 residences exceeding acceptable exposure levels (Folkes et al., 
2009). In addition, some CHC compounds like PCE and TCE are carcinogenic and 
acceptable health-based indoor air levels are low, which makes detection and 
characterization difficult. For example, the lower-bound concentration estimates for the 
one-in-a-million (10
-6
) risk level are 0.60 ppbv (4 μg/m
3
) for PCE and 0.04 ppbv (0.2 
μg/m3) for TCE (USEPA, 2011; USEPA, 2012f).  
CHCs can degrade under anaerobic environmental conditions, but the processes 
are relatively slow (USEPA, 2012b) for many CHCs of interest. The scale of dissolved 
CHC plumes is a reflection of how slow the biodegradation of these compounds is under 
natural conditions in groundwater.  Recent research by Kurt and Spain (2013) suggests 
that certain CHCs, specifically chlorinated aromatic compounds, can undergo significant 
biodegradation within oxic/anoxic interfaces that have slow diffusion (i.e., capillary 
fringe) if the right organisms are present in sufficient quantities. Byproducts of the 
degradation of PCE and TCE, such as 1,1-dichloroethene (1,1-DCE) and chloroethene 
(vinyl chloride), can undergo biodegradation in aerobic environmental conditions 
(Gossett, 2010).  However, there is little published evidence of significant bio-attenuation 
of many CHCs of interest at VI study sites. 
1.1.2 Guidance and Pathway Assessment. In 2002, USEPA released draft 
guidance for evaluating the VI exposure pathway (USEPA, 2002). The guidance is not 
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regulation, but provides recommendations for managing sites that may be impacted by 
VI. The purpose of the document is to help users to determine if the VI exposure pathway 
is complete, which in turn helps determine if corrective action is needed. The VI pathway 
is deemed complete when (1) humans are exposed to vapors from a subsurface source of 
contamination and (2) the concentrations of those vapors exceed accepted thresholds or 
action levels. In deriving target groundwater and soil gas values, the guidance 
incorporates an “attenuation factor” determined from empirical analysis of a database of 
paired groundwater, soil gas, and indoor air measurements from a group of well-studied 
sites (Johnson et al., 2002; Hers et al., 2003), along with use of a modified version of the 
Johnson and Ettinger screening model, and professional judgment. Prior to application of 
the draft guidance, the VI pathway was either not evaluated or a model was used to 
predict if there was a significant risk (McHugh et al., 2004).   
As in the USEPA (2002) guidance, paired groundwater, soil gas, and indoor air 
measurements are often used to calculate attenuation factors (AFs) or attenuation 
coefficients. An AF is defined as the ratio of the indoor air concentration divided by the 
source concentration (i.e., measured soil gas concentration or hypothetical soil gas 
concentration value calculated from the groundwater concentration and Henry’s Law 
partitioning) (Johnson and Ettinger, 1991). After the release of the 2002 draft guidance, 
generic AFs based on data from well-studied sites or screening-level modeling were used 
to estimate indoor air concentrations during pathway assessment based on soil gas and/or 
groundwater concentrations.  
Due in part to the increasing awareness of the difficulties and uncertainties of 
relying on generic attenuation factors and modeling for the evaluation of the potential for 
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VI at corrective action sites, the USEPA has increased reliance on direct measurement of 
indoor air (ESTCP, 2008; USEPA, 2010). Following the release of the draft guidance, 
several federal, state, and industry groups developed alternate and complementary 
guidance for assessing the VI pathway (API, 2005; NYSDOH, 2006; ITRC, 2007; DOD, 
2009; USEPA 2010; CDTSC, 2011; MDEP, 2011; NJDEP 2013). Collectively, these 
guidance documents recommend following a multiple-lines-of-evidence (MLE) 
approach. The MLE approach is based on using professional judgment in evaluating 
various site-specific data to gain a better understanding of the VI pathway, to assess 
current and future impacts of VI to indoor air. Site-specific data commonly used as lines 
of evidence include groundwater, soil gas (deep and shallow depths), and indoor air 
concentration measurements (ITRC, 2007). Building characteristics (e.g., presence of 
cracks, HVAC system operation), weather conditions, screening-level or more complex 
fate and transport modeling output may also be considered.  
In 2010, USEPA released a review of the 2002 draft guidance (USEPA, 2010) to 
address issues associated with the draft guidance. In their review, they stated that the 
majority of the 2002 draft guidance remained consistent with the state-of-the-science, but 
that there were some issues that surfaced after publication. Primarily, the issues centered 
on the observation of spatial and temporal variability of both soil gas and indoor air 
concentrations at several sites, as reported by Folkes et al. (2009) for Colorado and New 
York sites and Luo et al. (2009) in Wyoming, and how these data sets may change the 
screening process at sites being evaluated for VI in future guidance. These observations 
also supported the concept that VI is highly building-specific, meaning that site-wide 
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decision making, based on observations at a subset of buildings within a site, may not be 
adequate for providing answers about the VI pathway at all buildings (USEPA, 2010).  
The 2002 draft guidance generally recommended against the collection of indoor 
air samples until later in the assessment process (USEPA, 2002). The issues highlighted 
in the review of the 2002 draft guidance demonstrated two things: (1) USEPA was losing 
confidence in decisions made using generic attenuation factors and screening-level 
models and (2) they were beginning to favor the MLE approach and the use of direct 
measurement of indoor air concentrations. EPA plans to issue final guidance on 
subsurface VI in the near future (originally intended for November 2012 release). The 
final guidance is expected to emphasize the need for collecting indoor air samples earlier 
in the assessment process. This is an understandable shift, since sampling indoor air is a 
direct measurement of occupant exposure and the results are often easier to communicate 
to stakeholders and the public. 
With the greater emphasis on indoor air sampling during VI pathway assessment, 
it is important to review the methods used for sampling and analyses. The most common 
sampling methods for indoor air measurements during VI pathway assessment are 
USEPA TO-15 and TO-17. USEPA TO-15 is the more common of the two methods and 
involves the collection of indoor air samples using evacuated stainless steel canisters 
(e.g., Summa Canisters).  USEPA TO-17 involves collection of indoor air samples using 
adsorbent tubes (USEPA, 2002; USEPA, 2010). In either case, samples are most often 
collected over a 24-h period in residences and 8-h in commercial and industrials settings; 
each represents a time-averaged concentration (USEPA, 2002; USEPA 2012a). It is 
recommended that samples are collected close to the “breathing zone”, 1 to 2 m above the 
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floor, to best capture occupant exposure and that sampling events occur two or more 
times at each location tested. Other methods for indoor air sampling, such as use of field-
portable gas chromatographs with mass spectrometers (GC/MS), are expected to increase 
in use as the cost of those instruments decreases (USEPA, 2010; Gorder and Dettenmaier, 
2011). In addition, the upcoming VI guidance from USEPA is expected to be more 
accommodating to the use of both shorter (i.e., real-time) and longer (1-3 weeks) duration 
samples (USEPA, 2010). 
1.1.3 Overview of Past Vapor Intrusion Studies. Vapor intrusion studies have 
been conducted for the past few decades. These include studies on radon intrusion, 
landfill gas migration, and VI from groundwater and soil contaminated with either PHCs 
or CHCs. The following overview focuses on studies covering the causes of VI, temporal 
and spatial variation from field and modeling studies, impacts of indoor air sources 
(background), and alternate assessment approaches. 
1.1.3.1 Factors Affecting VI. VI is a highly complex process due to the dynamic 
nature of subsurface, building, and atmospheric processes. In general, the transport of 
vapor from subsurface sources of VOCs to indoor air occurs from a combination of 
diffusive and advective flow (Johnson and Ettinger, 1991; Little et al., 1992). As shown 
in Figure 1.1., vapors are emitted from a subsurface source, diffuse through the soil 
matrix, and then are transported across the building foundation through cracks and 
openings by a combination of diffusion and advection. The advective flow of soil gas to 
indoor air is driven by a pressure gradient caused by natural environmental conditions 
and building operations.  
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Examples of natural conditions that influence the advective flow of soil gas 
include wind loading, changes in barometric pressure, and the thermal stack effect caused 
by differences in indoor and outdoor temperature (i.e., differential temperature). Building 
operations that can increase advective flow include use of mechanical heating, 
ventilation, and air conditioning (HVAC) systems. Other factors that influence the 
magnitude of VI impacts include source type, source concentration, chemical properties, 
building distance from source (both vertical and lateral), soil characteristics (e.g., soil 
permeability, moisture content), and building characteristics (foundation type, existence 
of cracks) (Schmied, 1985; Nazaroff et al., 1987; Garbesi and Sextro, 1989; Loureiro et 
al., 1990; Johnson and Ettinger, 1991; Hodgson et al., 1992; Little et al., 1992; Garbesi et 
al., 1993; Hubbard et al., 1995; Fischer et al., 1996; Robinson and Sextro, 1997a; 
Robinson and Sextro, 1997b; Robinson and Sextro, 1997c; Krylov and Ferguson, 1998; 
Riley et al., 1999; Fitzpatrick and Fitzgerald, 2002; Hers et al., 2003; Abreu and Johnson, 
2005; Folkes et al., 2009; Yao et al., 2011; Shen et al., 2012). 
Understanding the factors that cause and influence VI is believed to be beneficial 
to VI pathway assessment, since this knowledge may help interpret data, which could 
lead to more confident decision making regarding site assessment. Furthermore, it aids in 
the development of more complex fate and transport models. The general belief is that 
the factors listed above jointly control the transport of VOCs into buildings. Past research 
studies have mainly focused on the impact or role of individual factors, such as the role 
of temperature or wind. 
1.1.3.2 Temporal and Spatial Variability. An issue with many of the studies 
noted above is that observations and conclusions stem from a limited amount data. For 
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the majority of VI field studies, data were collected over short time periods and the 
number of samples collected were low (e.g., 1-2 samples collected quarterly).  With 
increasing evidence of the potential variability of soil gas and indoor air concentrations, 
as highlighted by USEPA’s review of the 2002 draft guidance (USEPA, 2010), concerns 
have been raised about the conclusions drawn past studies.  Research studies focusing on 
the issues of spatial and temporal variability of soil gas and indoor air concentration are 
also limited (USEPA, 2012c).  
In a study by Hubbard et al. (1995) aimed at developing a method for predicting 
long-term average radon concentration using short-term measurements, daily-average 
indoor radon concentrations were monitored for over 3.5 years. Over the study period, the 
daily-average indoor radon concentration varied by about one order-of-magnitude. Using 
the daily-average data set, the authors created bimonthly and annual averages to compare 
the variation that occurred over the different time spans. The comparisons showed that 
daily-average indoor radon concentrations varied by 0.1-4 times the annual average, 
bimonthly average varied by 50% of the annual average, and the annual average varied 
by 20% across the three complete years of monitoring. The study also revealed that 
indoor radon concentrations correlated with outdoor temperature. The strongest 
correlation observed was when increases in indoor radon concentrations followed outdoor 
temperature with a one day lag.  
To date, only a few studies have looked at the issues of temporal and spatial 
variability of anthropogenic chemicals in indoor air. McHugh et al. (2007) reported on 
the results from two DOD facilities, specifically the observed spatial and temporal 
variability of groundwater, deep and shallow soil gas, ambient air, and indoor air 
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concentrations. The study was motivated in part by the lack of evidence demonstrating 
spatial and temporal variability at field sites and the absence of a clear consensus about 
addressing variability in guidance documents. The study was performed at two residences 
near Hill Air Force Base (AFB) above groundwater containing TCE and one small office 
building at Altus AFB above groundwater containing TCE and PCE. A typical sampling 
event was conducted over several days to evaluate short-term variability and multiple 
sampling events occurred at both sites to evaluate long-term variability. Analysis of the 
data showed that spatial variability was greater in subsurface soil gas samples than in 
indoor or ambient air. The low spatial variability in air samples was attributed to 
dampening from ambient and indoor sources (background levels). At the Altus AFB site, 
groundwater and soil gas samples collected two days apart showed less than 30% relative 
percent difference (RPD). Short-term temporal variability of indoor air was not evaluated 
at that site since concentrations were often below detection limits. Samples collected in 
August 2005 and March 2006 at the houses near Hill AFB (44% of paired samples) 
showed an RPD between 30-100%. Evaluation of the long-term temporal variability at 
Altus AFB showed that the temporal variability in subsurface samples was similar to the 
spatial variability observed. Similar to the assessment of spatial variability at Altus AFB, 
the long-term temporal variability could not be evaluated due to the presence of 
concentrations below detection limits. Overall, short-term variability tended to be lower 
than long-term variability, which demonstrated the value of performing multiple 
sampling events in assessing the risks of VI.   
A study by Folkes et al. (2009) reported on the temporal and spatial variability 
observed at sites in Colorado and New York. At the Colorado site, the primary focus was 
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on the temporal variation of indoor air observed at 45 unmitigated houses located on the 
outer edges of a dilute chlorinated solvent groundwater plume. Indoor air monitoring, 
using 24-hour sampling, occurred on a quarterly to semiannual basis for 2 to 10 years 
depending on the residence. The data set included a total of 715 individual indoor air 
samples with 70% of samples above the detection limit. Overall, indoor air 
concentrations varied from below the reporting limit to 1.4 μg/m3 for 1,1-DCE 
(approximately 0.35 ppbv at 25°C and 1 atm), or about two orders-of-magnitude. 
Individually, indoor air concentrations varied by 2 to 3 times the annual averages for each 
home. To compare seasonal differences, a compilation of the indoor air results from the 
45 houses was assembled to show the average monthly concentration normalized to the 
average annual concentration. The compilation also included similarly normalized results 
from three other studies: one from VOCs measured in indoor air in apartment buildings in 
Germany and two from radon measurements in houses, one in England and one in 
Poland. The comparison of the normalized values showed a similar trend, with indoor air 
concentrations being 20-50% higher than the annual average from December to February 
and 20-40% lower than the annual average from June to August.  
The portion of the study by Folkes et al. (2009) conducted in New York included 
sub-slab soil gas (below-foundation), indoor air, and outdoor air monitoring at 16 
structures near a subsurface source of PCE with monthly sampling for 18 months. For all 
of the structures, the sub-slab soil gas concentrations of PCE varied by less than an order-
of-magnitude. The study primarily focused on the comparison of two adjacent homes 
with a shared wall. For those two homes, sub-slab soil gas concentrations of PCE were 
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four to five times higher for one of the homes over the 18 month study; however, PCE 
indoor air concentrations were similar and near outdoor levels.  
Brenner (2010) reported on indoor air measurements taken at four large industrial 
buildings at the National Aeronautics and Space Administration (NASA) Ames Research 
Center (ARC) and the former Naval Air Station at Moffett Feld. The buildings overlie a 
shallow regional groundwater plume containing PHCs (BTEX) and CHCs (1,1,1-TCA, 
TCE, and PCE). They evaluated the temporal variability and seasonality of indoor air in 
larger buildings, because most studies reported in the literature have focused on 
residential settings.  A combination of 8 and 24 hour sampling intervals were used for a 
total of 750 samples. TCE concentrations were highest with an average concentration of 
0.895 μg/m3 (0.17 ppbv at 25°C and 1 atm) in 541 samples across a 15 month period. 
Linear regression models were developed to evaluate the influence of average daily 
outdoor temperature, atmospheric pressure, wind speed, and wind direction on TCE 
indoor air concentrations. In general, there was little evidence of a relationship between 
the meteorological conditions and concentration of TCE in indoor air. It was perceived 
that infiltration of benzene from ambient air to indoor air was influenced more by 
meteorological conditions, specifically outdoor temperature and wind speed, than VI. The 
15 month data set also allowed for a glimpse at the temporal behavior of VI for one of the 
buildings monitored. Box plots of the monthly TCE data show that indoor air 
concentrations varied by nearly an order-of-magnitude during certain months and by over 
an order-of-magnitude over the 15 month period with concentrations highest in 
December, January, and February.  
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USEPA conducted a one-year study of a duplex in Indianapolis, IN impacted by 
both radon and VOC VI (USEPA, 2012c). Other than the analytical equipment, the 
duplex was empty, and thus free of indoor sources of VOCs. One side of the duplex was 
heated during the winter, while the other side was not. For VOCs, weekly indoor air 
monitoring was performed at multiple locations in both sides of the duplex. PCE indoor 
air concentrations varied by over two orders-of-magnitude from 0.1 to >10 μg/m3 (0.01 to 
>1.48 ppbv at 25°C and 1 atm) and indoor air concentration of chloroform varied by over 
one order-of-magnitude from 0.1 to >5 μg/m3 (0.02 to >1.02 ppbv at 25°C and 1 atm), 
with the same general trends seen at all sampling locations. The highest concentrations of 
both PCE and chloroform were observed during the first winter and the lowest 
concentrations were observed during the late spring to early summer. The seasonal trends 
observed for PCE and chloroform and the highest and lowest concentrations observed at 
each sampling location differed slightly. For radon, two methods were used for 
monitoring: (1) daily-to-weekly measurements and (2) real-time monitoring with 
measurements taken every 10 minutes. The general seasonal trends observed in PCE and 
chloroform concentrations were also present in the radon data. Daily-to-weekly radon 
measurements ranged from 0.15 pCi/L to 12.22 pCi/L. The results from the real-time 
radon monitoring varied even more, with concentrations reaching as high as 25 pCi/L.  
A number of research studies have also focused on modeling the VI pathway. 
These have been directed at predicting indoor air concentrations, as well as the effects of 
specific environmental or site conditions on VI impacts (Johnson and Ettinger, 1991; 
Olson and Corsi, 2001; Parker, 2003; Abreu and Johnson 2005; Tillman and Weaver, 
2007; Pennell et al., 2009; Luo, 2009; Yao et al., 2010; Yao et al., 2011). In a recent 
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review of VI models, Yao et al. (2013) suggest that the biggest issue with determining 
indoor air concentration may be the uncertainty associated with indoor air exchange rate. 
The authors continue by stating that indoor air measurements, while often considered the 
most reliable method for assessing exposure, are plagued by spatial and temporal 
variability and indoor and ambient sources (Yao et al., 2013). Of the modeling studies 
performed to date, very few have addressed the issues of temporal and spatial variability.  
Luo (2009) used a modified version of the Abreu and Johnson 3-D numerical 
model to study the effects of transient wind load and barometric pressure on soil gas 
concentration distribution and indoor air concentration. Site-specific wind and barometric 
pressure data collected from a one-year study at a VI study site in Casper, Wyoming were 
used as inputs. The simulation of instantaneous indoor air concentrations showed 
variability of two to four orders of magnitude and up to one order of magnitude for 24-
hour time-averaged values. The simulations utilized 34 days of environmental data and 
did not include a reaction term, thus the results are applicable to recalcitrant chemicals 
(e.g., TCE and PCE). 
Using a modified version of the 3-D finite element VI model developed by 
Pennell et al. (2009), Yao et al. (2010) examined the transient effects of VI using a 
sinusoidal pressure differential input. The results of the study showed that temporal 
changes in indoor air concentrations are strongly related to building pressure fluctuations. 
The authors concluded by commenting on the importance of the timing of indoor air 
measurements during VI assessment and the need for further research into the temporal 
behavior of indoor air concentrations.  
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The research work on temporal variability, from both field and modeling studies, 
has demonstrated that indoor concentrations of VOCs can vary over time and that site-
specific conditions may determine the amount of variation. Unfortunately, little is known 
about the significance of this variation due to limitations of past studies. The field studies 
discussed above (excluding radon studies) employed low-frequency sampling, which may 
not be sufficient to fully understand temporal variability. 
For example, the study by Folkes et al. (2009), while providing some insight into 
the temporal variability of VOCs in indoor air, only looked at homes with low impacts. 
For the Colorado site, homes above the groundwater plume with higher indoor air 
concentrations of 1,1,-DCE (above regulatory action levels) were not included in the 
study, because they had mitigation systems installed. Similarly, in New York, the homes 
studied were ones that had previously been tested and were below regulatory action 
levels for PCE. Furthermore, the studies at both sites only included monthly to semi-
annually sampling, which ignores short-term changes (e.g., diurnal) in indoor air 
concentrations. 
Together, these studies raise questions about the adequacy of conventional 
assessment protocols. To date, no studies have been performed to determine if 24 h 
sampling of indoor air provide enough information to make confident decisions about 
current and future risks. Furthermore, the number of sampling events needed at a given 
building or residence to reach a defensible decision has not been evaluated. 
 1.1.3.3 Indoor Source Impacts. As indicated above, another issue to overcome in 
VI assessment is managing the impact of indoor sources of VOCs. The impact of VOCs 
from indoor sources due to emissions from building materials (e.g., carpet, paint, 
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insulation), the use of consumer products (e.g., cleaners, aerosols, scented candles), and 
occupant activities (e.g., cooking, smoking, automobile repair) have been well 
documented (Wallace et al., 1987; Shah and Singh, 1988; Stolwijk, 1990; Brown et al., 
1994; Holcomb and Seabrook, 1995; Kostiainen, 1995; Hippelein, 2004; Dawson and 
McAlary, 2009; Zhu et al., 2013). A recent study which focused on summarizing past 
indoor air quality studies, by Dawson and McAlary (2009), indicated that typical indoor 
air concentrations at buildings unaffected by VI approach risk-based action levels for 
some common chemicals (e.g., benzene, chloroform, and PCE).  
By using a combination of room-by-room sampling and laboratory emission 
chamber measurements, Doucette et al. (2010) identified molded plastic holiday 
ornaments as the primary source of 1,2-dichlorethane (1,2-DCA) at homes near an 
industrial facility in northern Utah. The average emission rate measured during the study 
for a single ornament was 0.3 μg 1,2-DCA/min (432 μg/d). Using a simple box model 
and the average emission rate measured, the study showed that the resulting indoor air 
concentration could be as high as 0.13 μg/m3 (0.03 ppbv at 25°C and 1 atm) in an average 
single family house (V = 564 m
3
) with an air exchange rate of  6 d
-1
. This predicted 
indoor air concentration was then related to human health risk-based screening levels for 
1,2-DCA provided in the USEPA’s 2002 Draft Guidance on VI, which are 0.094 to 9.4 
μg/m3 for 10-6 and 10-4 incremental cancer risk levels. The authors noted that, while the 
predicted indoor air concentration is on the low end of risk screening levels, residences 
that contained those items often had several similar items which would lead to higher 
indoor air concentrations than what was predicted from a single ornament.  
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When the air pressure in a building exceeds the soil gas pressure, indoor air will 
flow into the subsurface and can deliver indoor sources of VOCs to soil gas. This concept 
was explored with system-level mass balance modeling by McHugh et al. (2006). The 
modeling results revealed that sub-slab (SS) soil gas VOC concentrations may persist and 
be greater than indoor air concentrations for one to five days following removal of the 
indoor source. The authors argued that sampling indoor air and SS soil gas following 
indoor source removal may lead to erroneous conclusions about the completeness of the 
VI pathway. McHugh et al. (2006) also presented field data collected during a site 
investigation at an apartment complex downstream from a former gas station; the authors 
found several VOCs in indoor air and SS soil gas that were not present in groundwater 
samples collected adjacent to the site.  Due to the absence of the chemicals in 
groundwater, their common use in consumer products, and observed conditions at the 
site, it was presumed that the soil gas concentrations were caused by indoor sources. 
To assess whether indoor sources of VOCs are contributing to indoor air 
concentrations, there are two common approaches used during site investigations. The 
first is to perform an inventory to determine whether any of the products held at the site 
(e.g., household cleaners, craft glue, etc.) contain the chemical(s) of concern (ITRC, 
2007). While product inventories can aid in finding indoor sources, it is not uncommon to 
forget or miss the presence of commercial products that contain chemicals of concern. In 
a study by Gorder and Detttenmaier (2011), product inventories, along with resident 
interviews and 24-h Summa canister samples, failed to find the interior source in all 44 of 
the residences visited. However, by using a combination of room-to-room sampling with 
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a HAPSITE portable GC/MS and product isolation methods, they were able to identify 
the location of indoor sources at the 44 residences. 
The second approach is to compare indoor air and SS soil gas concentrations to 
assess whether indoor air quality impacts are the result of indoor or subsurface sources.  
It is generally assumed that, if soil gas concentration of the chemical(s) of concern is 
higher than the indoor air concentration, then indoor air impacts are the result of VI. To 
date, studies have not been conducted to validate the assumption that a comparison of 
indoor air and SS soil gas concentrations is sufficient to eliminate indoor sources as the 
cause of indoor air impacts.  
When indoor air sources are discovered during vapor intrusion site investigations, 
current guidance recommends that they be removed and that sampling be suspended for 
24-72 hours (USEPA, 2012a). This waiting period is based on a range of common indoor 
air exchange rates and ignores the potential for subsurface soil gas storage and reentry of 
indoor sources. A controlled study has yet to be performed to confirm this approach. 
Furthermore, removal of the source of contamination may not be feasible in some 
situations (e.g., building materials). 
The studies discussed above demonstrate that indoor sources of VOCs are diverse 
and sometimes difficult to catalog and that their presence in buildings can lead 
investigators to conclude that VI is occurring and poses an unacceptable risk, 
independent of whether or not VI is actually occurring. For these reasons, along with the 
issues highlighted above concerning temporal variability, some have suggested that direct 
measurement of indoor air concentration may not be effective for assessing the risk from 
VI without further investigation (McHugh et al., 2006; Hers et al., 2001). 
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1.1.3.4 Alternate Assessment Approaches. A topic of recent research studies has 
been evaluating alternate VI assessment approaches. Motivation for this work, as 
mentioned above, has stemmed from the difficulties associated with indoor air sampling, 
such as temporal and spatial variability and the presence of indoor sources. Research 
interests have included using radon as a surrogate or natural tracer (McHugh et al., 2008), 
as well as controlled building pressure methods to evaluate the impact from vapor 
intrusion (McHugh et al., 2012a), using compound specific isotope analysis (CSIA) to aid 
in determining the source of contamination (McHugh et al., 2011; Klisch et al., 2012), 
and advanced monitoring technologies (Kim et al., 2011; Kim et al. 2012ab).  
Radon is a naturally occurring compound found in soils due to the radioactive 
decay of radionuclides found in the earth’s crust (Nazaroff, 1992).  The source of radon 
below buildings differs from typical VOC sources, since they are most often believed to 
be relatively homogenously distributed below the building envelope, whereas VOC 
vapors associated with subsurface VI often originate from a source a distance below the 
building (Johnson and Ettinger, 1991). Due to these differences in source characteristics, 
some have expressed that caution should be exercised in comparing conclusions made in 
past radon studies to VOC vapor intrusion (Johnson and Ettinger, 1991). Nonetheless, 
others have suggested that radon may be useful as a natural tracer for VI assessment 
(ITRC, 2007; McHugh et al., 2008; USEPA, 2012a).  
In 2008, McHugh et al. reported on the utility of radon data for evaluating VI of 
VOCs. The study included measurement of radon and VOCs (TCE and/or PCE) in 
below-foundation (SS) soil gas, indoor air, and ambient air at two residences and an 
office building. These locations had been previously known to have VOC VI. Additional 
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sampling at two other residences and a private school was performed for radon alone. 
Sampling events included sampling at three separate locations for each medium. Using 
the average values, AFs for radon and VOCs were calculated by subtracting ambient air 
concentration (Cambient) from the indoor air concentration (Cindoor) and then dividing by the 
soil gas concentration (Csoil). The effect of radioactive decay, while noted, was neglected 
in generating the results.  The radon AFs ranged from 0.0004 to 0.006 for the first set of 
buildings.  VOC AFs for the residences tested were not calculated since the ambient air 
concentration was higher at one of the residences and no detections were made below the 
foundation of the other.  For the office building, which was sampled on two separate 
events, the AFs calculated for PCE closely resembled the radon AFs, but the AFs 
calculated for TCE differed from radon and PCE by about a factor of 5.  It was presumed 
that the discrepancy between AFs for TCE and PCE could have been due to the presence 
of an indoor source of TCE, but no further inquiry was made. For the additional buildings 
studied for radon alone, radon AFs ranged from 0.0002 to 0.0003.  The spatial variability 
of the data was reflected in the standard deviation reported.  For both radon and VOCs, 
standard deviation was greatest in the SS soil gas measurements for all sites indicating 
greater spatial variability in the medium. 
As mentioned above, USEPA released a report covering a yearlong study of both 
radon and VOC VI at a duplex in Indianapolis, IN.  One of the objectives of the study 
was to determine the relationship between radon and VOCs at the site (USEPA, 2012c).  
The aforementioned radon monitoring results showed that daily-to-weekly radon 
concentration measurements ranged from 0.15 to 12.22 pCi/L and 10-minute 
measurements reached 25 pCi/L. The indoor air radon results spanned 3 orders of 
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magnitude and behaved similarly to PCE and chloroform over the entire study.  Observed 
short-term variability of radon in indoor air was approximately one order of magnitude 
and greater than what was observed for VOCs; however, week-long samples showed less 
variability than VOCs. Statistical cross-correlation results showed that radon and VOCs 
were positively cross-correlated at several of the indoor air monitoring locations. In 
addition to indoor air measurements, soil gas was also analyzed for radon and VOCs. 
Weekly AFs for SS and deeper soil gas were calculated for radon, PCE and chloroform. 
For SS soil gas, the results show that AFs for radon were fairly stable over time and space 
with values of approximately 0.002 to 0.02 (not including outliers). Conversely, AFs for 
chloroform and PCE varied more temporally and spatially with approximate AF ranges of 
0.001 to 0.1 and 0.003 to 0.1 respectively. A reason for the greater variability in VOC 
AFs was not known. The authors concluded that radon provided qualitative information 
about the movement of soil gas into the indoor environment and may be beneficial as an 
assessment tool at sites where indoor sources are present.  
The results from the studies by McHugh et al. (2008) and USEPA (2012c) both 
demonstrated that radon may be useful as a qualitative tool for indicating that soil gas 
migration to indoor air is occurring at a given site; however, the studies ultimately arrived 
at different conclusions about the utility of radon as a natural tracer. McHugh et al., 
showed that radon and PCE AFs were similar for sampling events spanning 6 months, but 
this was shown at only one building. On the other hand, conclusions from the year-long 
study by USEPA did not mention the use of radon AFs for predicting indoor air 
concentrations. Nonetheless, the reported radon AF from SS soil gas would have under 
predicted indoor air concentrations of VOCs due to the higher VOC AFs measured at the 
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site. The differences in the results obtained from these studies demonstrate that further 
research may need to be performed to validate the utility of radon as a surrogate or tracer 
during VI assessment.  
 Another alternate approach for VI pathway assessment involves the use of 
controlled building pressure. Controlled building pressure has previously been used in VI 
studies for a variety of tests. Nazaroff et al. (1987) injected a tracer, sulfur hexafluoride 
(SF6), into the soil near two residences and used depressurization (i.e., under-pressurized 
conditions) to study its effect on the migration of the tracer in the soil vapor. 
Observations from normal and depressurized conditions demonstrated that the 
depressurization led to increased soil vapor migration. During a separate 6-day study 
performed at a residence, depressurization led to increased radon concentration in indoor 
air during seven depressurization events.  
More recently, McHugh et al. (2012a) demonstrated a method for evaluating VI to 
lessen the uncertainty caused by indoor sources of VOCs and temporal variability of 
indoor air concentrations. A box fan directing flow into or out of a building was used to 
create over-pressurized and under-pressurized conditions in six buildings with previously 
documented VI. Using a tracer to determine air exchange rate and collecting indoor and 
ambient air samples under both positive and negative pressure conditions, the authors 
used simple mass discharge calculations to estimate the subsurface contribution to indoor 
VOC concentration. This was based on the assumption that during over-pressurized 
conditions, subsurface emissions will cease and emissions from indoor sources will be 
unhindered. Pressure control of 1-5 Pa (sustained differential pressure between SS and 
indoor air) was attained in five of the six buildings tested. Where pressure control was 
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attained, the results of the mass discharge calculations allowed for the determination of 
the primary source of VOCs in the buildings. 
1.1.4 Questions and Opportunities for Research. The overview of recent VI 
studies and evolution of pathway assessment guidance presented above demonstrates that 
VI is an issue of growing concern. Although much has been learned over the past two 
decades, there are still many questions that remain.  
There is an absence of long-term high-frequency data sets for sites with VI arising 
from VOCs. The majority of long-term VI data sets available employ low-frequency and 
short-term sampling, which are unable to assess temporal variability. This has led to a 
limited understanding of VI temporal variability and mechanisms controlling it. A long-
term and high-frequency data set of indoor air, soil gas, and other site-specific conditions, 
collected at a site impacted by VOCs and radon, could provide answers to questions 
about the robustness of current vapor intrusion assessment approaches and the variability 
of typical vapor intrusion site data.  
The impact of indoor sources of VOCs is not completely understood. The extent 
of their impact on subsurface soil gas, and how they vary spatially and temporally within 
the building envelope and in the subsurface needs to be studied. The behavior of soil gas 
and indoor concentrations after the removal of indoor air sources also needs study to be 
able to validate current regulatory guidance and to more confidently assess buildings 
impacted by VI.  
Furthermore, an evaluation of controlled depressurization as an assessment tool is 
needed. The study by McHugh et al. (2012a) demonstrated that building pressure control 
may be used to determine the primary source of VOCs in some buildings while 
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minimizing the effects of temporal variability. However, questions remain concerning 
how to translate test data to the potential for exposure to VOCs. Furthermore, it is 
unknown if controlled pressure test results are dependent on date or season of application. 
A long-term study of depressurization, in combination with a long-term study of natural 
conditions at a site impacted by VI, is needed to be able to begin to answer these 
questions. 
 
1.2 RESEARCH OBJECTIVE 
 The discussion above provides motivation for the research presented in this 
dissertation. The overarching goal is to improve the understanding of the VI pathway and 
to aid in the development of future regulatory guidance and paradigms for assessing VI 
impacts. More specifically, the objective of this research is to provide answers to the 
following questions:  
1. Do conventional low-frequency indoor air sampling schemes used in VI pathway 
assessment confidently identify VI occurrence and accurately characterize long-
term indoor air exposure? 
2. What level of temporal and spatial variability should be expected for the different 
lines of evidence (groundwater, deep soil gas, sub-slab soil gas, indoor air) 
commonly prescribed in multiple lines-of-evidence pathway assessment 
paradigms?  
3. Can indoor sources of chemicals create soil gas plumes? 
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4. Are the currently recommended sampling suspension periods following indoor 
source removal long enough for indoor source impacts to dissipate and not 
confound decision-making?  
5. Can controlled pressure method (CPM) testing lead to more confident and 
accurate assessment of VI occurrence and exposure?   
6. Are CPM test results dependent on testing date or season? 
 
One unique aspect of the research presented in the following chapters is that it 
was conducted at a well-instrumented house with known VI impacts. This allowed for 
greater control of experimental conditions in comparison to buildings used in previous 
research projects. The house, located in Layton, Utah, overlies a dilute chlorinated 
solvent-impacted groundwater plume and was fully instrumented for high-frequency 
monitoring of indoor air and soil gas concentrations, as well as groundwater 
concentration and elevation, weather conditions, and building operations. 
 
1.3 DISSERTATION ORGANIZATION 
 The dissertation is organized as follows: 
 Chapter 2 presents 2.5 years of indoor air TCE concentrations monitored under 
natural conditions, and an assessment of current indoor air sampling schemes. 
 Chapter 3 presents an analysis of 2 years of groundwater and soil gas 
concentration data and a discussion of the implications for pathway assessment. 
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 Chapter 4 presents data over 2 years showing the impact of indoor sources on soil 
gas, as well as the effects of source removal. Modeling results are also presented 
to supplement the field studies. 
 Chapter 5 presents results from a long-term (288 days) controlled pressure 
method test, and comparison of the results to the long-term data collected under 
natural conditions.  
 Chapter 6 provides a summary of key conclusions from previous chapters and 
recommendations for future research work 
 Appendix I provides a description of the study site, including site history, 
monitoring and sampling network details, and other relevant information. 
 Appendix II presents details of the experimental methods used in this research. 
 Appendix III presents groundwater, soil gas, and air monitoring results from 
natural conditions at the study site. 
 Appendix IV presents differential pressure monitoring results from natural 
conditions at the study site. 
 Appendix V presents supplemental information to the field and modeling results 
presented in Chapter 4.  
 Appendix VI presents supplemental information to the field results presented in 
Chapter 5. 
 Appendix VII presents a summary of activities performed at the study site over 
the almost 5-year duration of the study. 
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 Appendix VIII presents a preliminary investigation into relationships between 
selected environmental factors and indoor air concentrations for data collected 
under natural conditions over a 2-year period. 
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CHAPTER 2 
TEMPORAL VARIABILITY OF INDOOR AIR CONCENTRATIONS UNDER 
NATURAL CONDITIONS IN A HOUSE OVERLYING A DILUTE 
CHLORINATED SOLVENT GROUNDWATER PLUME 
Text adapted from, “Temporal Variability of Indoor Air Concentrations under Natural 
Conditions in a House Overlying a Dilute Chlorinated Solvent Groundwater Plume” with 
associated supporting information (Holton et al., 2013).  
 
2.0 ABSTRACT 
Current vapor intrusion (VI) pathway assessment heavily weights concentrations 
from infrequent (monthly – seasonal) 24-h indoor air samples.  This study collected a 
long-term and high-frequency data set that can be used to assess indoor air sampling 
strategies for answering key pathway assessment questions like: “Is VI occurring?”, and 
“Will VI impacts exceed thresholds of concern?”. Indoor air sampling was conducted for 
2.5 years at 2 to 4 hour intervals in a house overlying a dilute chlorinated solvent plume 
(10 – 50 μg/L TCE).  Indoor air concentrations varied by three orders of magnitude 
(<0.01 to 10 ppbv TCE) with two recurring behaviors.  The VI-active behavior, which 
was prevalent in fall, winter, and spring involved time-varying impacts intermixed with 
sporadic periods of inactivity; the VI-dormant behavior, which was prevalent in the 
summer, involved long periods of inactivity with sporadic VI impacts.  These data were 
used to study outcomes of three simple sparse data sampling plans; the probabilities of 
false-negative and false-positive decisions were dependent on the ratio of the (action 
level/true mean of the data), the number of exceedances needed, and the sampling 
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strategy.  The analysis also suggested a significant potential for poor characterization of 
long-term mean concentrations with sparse sampling plans.  The results point to a need 
for additional dense data sets and further investigation into the robustness of possible VI 
assessment paradigms.  As this is the first data set of its kind, it is unknown if the results 
are representative of other VI-sites. 
 
2.1 INTRODUCTION 
At sites where buildings overlie contaminated soils and/or groundwater, there 
may be a need to assess: (a) whether or not the chemicals of concern are volatilizing and 
migrating to indoor air, and if so, (b) whether or not indoor air impacts attributable to the 
subsurface contamination will exceed threshold levels of concern triggering corrective 
action.  When assessing the completeness and significance of the vapor intrusion (VI) 
pathway, practitioners generally follow a multiple-lines-of-evidence (MLE) approach 
similar to that recommended by USEPA (2002, 2012a) and ITRC (2007).  In the MLE 
approach, groundwater, soil gas, and indoor air samples are collected for chemical 
analysis, and screening-level or more complex fate and transport model output may also 
be considered.  Of the MLE, indoor air data tend to be heavily weighted in VI pathway 
decision-making.  This is understandable given that the key questions above pertain to 
indoor air concentrations and that some decision-makers are uncomfortable with 
projecting indoor air concentrations from soil gas and groundwater data. Some also 
heavily weight sub-slab soil gas data and use it to help interpret indoor air data (NYDOH, 
2006).  
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With this emphasis on indoor air data, it is important to critically review whether 
or not conventional approaches provide adequate characterization of VI-related indoor air 
and potential long-term health impacts.  At this time there is no definitive guidance for 
determining sampling frequency or duration and, based on the authors’ experience, most 
VI pathway assessment data sets consist of results from one to four indoor air sampling 
events.  Frequently the events are distributed across different seasons and sometimes 
emphasize the heating season, which is the presumed time for maximum VI impact in 
cold and temperate climates.  The sampling usually involves the use of evacuated 
containers equipped with regulators set to collect indoor air over about 24 hours.  To 
date, no studies have been conducted to determine if this approach is adequate for 
identifying if VI is occurring, and if so, for determining if the resulting indoor air impacts 
are of concern.   
The prediction of long-term average indoor air concentrations from short-term 
measurements was the interest of Hubbard et al. (1995), who studied radon intrusion to 
Swedish homes.  They collected daily-average indoor radon concentrations over a 3.5-
year period of time and observed about an order-of-magnitude variability.  They used 
their daily-average data to calculate bimonthly and annual averages, which revealed that 
daily concentrations could vary from about one-tenth to four times the annual average, 
bimonthly-average results varied by about 50% above and below annual averages, and 
annual averages varied by about 20% across the three years of monitoring.   
Similar long-term and high-frequency monitoring data sets for anthropogenic 
chemical VI sites have not been available.  Folkes et al. (2009) report on their data from 
45 unmitigated homes overlying a dissolved chlorinated solvent groundwater plume.  
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They evaluated the temporal variability using a data set consisting of results from 
quarterly to semi-annual collection of 24-h samples for homes with two to ten years of 
data.  They concluded, while the data range might span two orders of magnitude in 
concentration, individual samples were typically within about a factor of about two to 
three times of the annual average. 
This issue was explored recently via modeling by Luo (2009) and Yao et al. 
(2010).  Luo used a modified version of the Abreu and Johnson (2005) 3-D numerical 
model and a site-specific weather data set (wind speed and barometric pressure vs. time) 
as input to the model.  A variability of two to four orders of magnitude was observed 
across the instantaneous indoor concentrations and about an order of magnitude 
variability for 24-hour averages for a month-long simulation for a non-degrading 
chemical.  Yao et al. (2010) performed simulations with a sinusoidal pressure differential 
input and concluded that the variability was significant and that more investigation of the 
temporal behavior of indoor air impacts at VI sites was warranted. Shen et al. (2012) 
modeled rainfall events and concluded that they could increase shallow soil gas 
concentrations in the short-term and depress VI activity in the long-term. 
The long-term high-frequency radon data of Hubbard et al (1995), long-term low-
frequency data from Folkes et al. (2009), and high-frequency short-term modeling results 
from Luo (2009) raise questions concerning the adequacy of conventional sampling 
approaches for VI pathway assessment.  In the absence of long-term high-frequency 
indoor air data for some VI study sites impacted by anthropogenic chemicals, it is 
difficult to advance the development and validation of VI pathway assessment 
approaches.  Thus, this study was conducted to collect a long-term high-frequency data 
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set that can be used to assess the adequacy of VI pathway assessment schemes for 
identifying if VI is occurring, and if so, for determining if the resulting indoor air impacts 
are of concern. 
 
2.2 SITE DESCRIPTION 
The study site is a split-level, two-story, three-bedroom house with a garage on 
the lower level in a residential community in Layton, UT.  Figure 2.1 presents a photo of 
the house and its approximately 85 m
2
 (915 ft
2
) footprint.  The house sits on a south-
facing slope with an elevation drop of approximately 2.5 m from the back to front of the 
property. 
 
 
Figure 2.1. Photo of study house and schematic of building footprint and sampling 
locations.  
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Permanent multi-depth soil gas and groundwater monitoring points were installed 
through and exterior to the house foundation at locations shown in Figure 2.1.  Each was 
sealed with bentonite above and below sampling intervals and perforations through the 
foundation were sealed with a cement plug topped with a silicone caulk seal to ensure no 
connection with the subsurface.  Other than shallow groundwater sampling results 
presented below, the data from these will be reported elsewhere. 
 Visual inspection of the floor and walls did not indicate any unusual construction 
features.  Plumbing features through the foundation in the lower living space include 
drains in the bathroom and laundry room, with a floor drain located in the latter.  Water 
was maintained in the P-traps in all drains during the study. There was a gap between the 
foundation and stem wall of about 0.6-cm wide x 180-cm long observed beneath the 
stairwell connecting the upper and lower living spaces.  
The house overlies a regional dilute groundwater plume containing 1,1-
dichloroethene (1,1-DCE), 1,1,1-trichloroethane (1,1,1-TCA) and trichloroethylene 
(TCE), with regional flow to the southwest.  Groundwater is estimated to be about 2.5 m 
(8.3 ft) below the house slab (BS), based on absence of water in the 1.8 m (6 ft) sub-slab 
sampling points and the presence of water in the 2.7 m (9 ft) sub-slab sampling points.  
The average of dissolved TCE concentrations in groundwater in samples collected 
beneath the foundation ranged from about 10-50 µg/L over 2.5 years as shown in Figure 
2.2.  The mean of the average sub-slab groundwater concentrations was 23 ± 10 μg/L 
over the study period. 
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Figure 2.2. Monthly TCE concentrations in groundwater averaged across sampling 
locations beneath the foundation and monthly measured groundwater elevations at 
location GW3. 
 
The soil beneath the house consists predominantly of fine sandy silt with fine 
sand stringers. The soil moisture adjacent to the house, based on three soil cores collected 
in late spring, is 0.20 ± 0.02 g-H2O/g-soil within 0.6 m (2 ft) of ground surface and then 
increases and is relatively consistent with depth at 0.25 ± 0.01 g-H2O/g-soil to 3.7 m (12 
ft) below ground surface. For reference, 0.20 g-H2O/g-soil is equivalent to 80% water 
saturation assuming that 0.25 g-H2O/g-soil represents fully saturated soil.  Depth to water 
in the shallowest screen interval of the four exterior multi-level groundwater piezometers 
is about 3.3 m, which suggests complex hydraulics through the sand stringer network. 
The depth to groundwater varied with time by ±0.27 m (0.9 ft) about the time-averaged 
depth to groundwater in the shallowest exterior piezometers; sample data from GW-3 are 
presented in Figure 2.2.   
Outdoor temperatures ranged from -15 to +38 °C for the duration of the study.  
The average wind speed was 1.1 m/s with gusts up to 11.5 m/s and a dominant southerly 
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direction.  The average annual rainfall at the site was about 50 cm, with most of it 
occurring around late spring and early summer.  The lawn was watered by an automatic 
sprinkler system during the late spring through early fall months.  
Indoor temperature was maintained at approximately 20.5 °C with a central 
forced-air heating/cooling system.  Furniture, with the exception of a few tables and 
chairs, was removed.  Visual inspections were conducted, activity logs were recorded, 
and indoor air data were reviewed to ensure that indoor sources of the chemicals of 
interest were not present. No one lived in the house during the study, but there was study-
related activity in and around the house approximately 20% of time.  
The indoor air exchange rate [1/d] in the lower level was characterized starting in 
late December 2011 (t=120 d on all plots) by continuous indoor release (5 mL/min) and 
monitoring of sulfur hexafluoride (SF6) on 30 minute intervals.  The building exchange 
flow rate was calculated as (1 x 10
9
/SF6 concentration [ppbv]) x 5 mL/min, and the 
exchange rate was calculated as (building exchange flow rate/effective air exchange 
volume). Concentrations measured during the transient period following a step increase 
in SF6 release rate were used to determine the effective air exchange volume (350 m
3
).  
Instantaneous and daily-averaged exchange rates are presented in Figure 2.3.  As can be 
seen, the exchange rate varied seasonally.  It was largest and had greatest short-term 
variability in the fall to spring months (typically 15 – 25 d-1 daily averages, with 
instantaneous excursions across the 10 – 35 d-1 range), and smaller and less variable in 
the summer months (typically 5 to 10 d
-1
 daily averages, with instantaneous excursions 
across the 4 – 12 d-1 range).  The measured range of daily-averaged exchange rates is 
similar to results reported in the literature for occupied homes (2009). 
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Figure 2.3. Instantaneous and daily-average indoor air exchange rate for the lower level 
of the study house. 
 
2.3 EXPERIMENTAL METHODS 
Real-time sampling focused on indoor air concentrations in the lower level of the 
house at locations shown in Figure 2.1.  It was conducted using two methods: a) near-
instantaneous 1-min 100-mL samples collected every 2-h and analyzed using a field-
portable gas chromatography/mass spectroscopy (GC/MS) instrument (HAPSITE®, 
Inficon, Syracuse, NY), and b) time-averaged 12-L samples collected over 4-h on sorbent 
tubes and later analyzed by thermal desorption and GC/MS. 
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With the HAPSITE® instrument, a 100 mL sample collection purge was 
conducted prior to drawing a second 100 mL sample through a heated probe and onto an 
internal tri-bed sorbent trap.  Sorbed chemicals were subsequently desorbed using a 
ramped temperature program (55 C hold for 80-s followed by a 30 C/min ramp to 110 C) 
and analyzed by GC/MS using selected ion monitoring (SIM) mode. The total time for 
sample collection and analysis was approximately 6 minutes with a method detection 
limit (MDL) of 0.06 ppbv for TCE.  Calibration and quality control procedures followed 
protocols discussed by Gorder and Dettenmaier (2011).  
Sorbent tube samples were collected using two customized SRI Instruments (SRI 
Instruments, Torrance, CA) 20-stream gas sampling valves, a vacuum pump (Rena 301 
series, model BE-3012 vacuum/pressure pump), and a vacuum-configured, 0-100 
mL/min mass flow controller (Alicat Scientific, Tucson, AZ).  An SRI Instruments 
6-channel data system driven by SRI PeakSimple software was used to sequence sample 
collection and maintain sampling flow at 50 mL/min.  Multi-bed sorbent tubes (0.64 cm x 
by 15.2 cm-long) were packed with Tenax-GR and Carboxen-569 and fitted with Markes 
DiffLok™ caps (Markes International, UK) for tube/sample preservation.  As configured, 
38 4-h samples were collected every 6.3 d.  Sampling tubes were unloaded from the auto-
sampler, sealed with Swagelok brass caps with Teflon ferrules, and packed for express 
shipment to an analytical laboratory at Arizona State University (ASU) for analysis. The 
next set of conditioned tubes was then added to the auto-sampler.  
Sorbent tubes were analyzed using a Markes Ultra auto-sampler and Markes 
Unity thermal desorber (Markes International, UK) connected to an HP5890 gas 
chromatograph equipped with a Restek 60-m Rxi-5 capillary column and an HP5972 
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mass spectrometer. Samples were analyzed using SIM mode with an MDL of 0.008 ppbv. 
Quality assurance/quality control (QA/QC) activities included calibration, continuous 
calibration verification, blanks, trip blanks, trip spikes, and internal standards. The 
calibration curve fitting consistently gave R2 regression over 0.99, blanks and trip blanks 
showed non-detect for the target chemicals, and internal standard recovery was 
consistently above 96%.  
The field-portable GC/MS was the only sampling system for about the first 9-
months of this study.  For the next 12 months, concentrations were measured by both 
methods. In the latter portion of the study, the concentrations come mostly from the 
sorbent tube sampling as the field-portable instrument was frequently unavailable or 
inoperative.   It should be noted that the two approaches sampled air at two different 
lower-level locations as shown in Figure 2.1.  The field-portable GC/MS sampled air in 
the stairwell while the sorbent tubes sampled air in the adjoining living space.  Thus, the 
field-portable GC/MS intake was located in closer proximity to the suspected vapor 
intrusion point (the foundation-wall gap) than the sorbent tube sampling input, and the 
observed temporal variability in indoor concentrations represents only the lower level air 
space. 
As discussed above, the indoor air exchange rate was determined by SF6 tracer 
release and monitoring.  SF6 concentrations were determined using an auto-sampling GC 
in combination with a pulse-discharge detector (PDD). 
This study also included high frequency monitoring of indoor and outdoor 
temperatures, indoor-outdoor and subsurface-indoor pressure differentials, barometric 
pressure, wind speed and direction, precipitation and synoptic snapshots of soil gas and 
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groundwater concentrations. Those data and their analyses, including evaluation of 
subsurface temporal variability and correlations between environmental factors and 
indoor air concentrations will be reported elsewhere. 
 
2.4 RESULTS AND DISCUSSION 
2.4.1 Indoor air concentrations. TCE concentrations are presented and discussed 
as their behavior is representative of the suite of chlorinated compounds monitored in 
indoor air at the study house.  
Figure 2.4 presents results from February 2010 to August 2012, with time (t) = 0 
being 8:00 AM on 08/15/2010; this time was selected as it was when the first synoptic 
sampling of the multi-level soil gas and groundwater installations occurred.  For the 4-h 
average sorbent tube samples, analytical results <0.011 ppbv are plotted as 0.011 ppbv in 
this figure to make it clear that samples were collected at those times (the data markers 
would not appear otherwise with a 0.01 ppbv lower graph limit).  Instantaneous 
concentrations measured with the portable GC/MS instrument were not censored at its 
0.06 ppbv MDL; instead, values >0.011 ppbv are plotted as quantified and results <0.011 
ppbv are plotted as 0.011 ppbv as for the sorbent tube sample results.  As discussed in 
USGS (1999), the USEPA MDL determination approach emphasizes minimization of 
false-positives using statistical analysis of detector response, and there is value and 
justification to presenting results <MDL when data-rich analyses (e.g., GC/MS/SIM) are 
used to determine concentrations.  In this case, data in the 0.01 – 0.06 ppbv range are 
presented as they help discern temporal trends in indoor air concentrations; however, it 
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should be noted that these data are qualified as being less than the MDL for that 
instrument.  
 
 
Figure 2.4. Indoor air TCE concentrations measured by portable GC/MS and sorbent 
tubes from February 2010 to August 2012 (note: values ≤0.011 ppbv are plotted as 0.011 
ppbv to make it clear that samples were collected at those times). 
 
There were periods from 2<t<40 d and 47<t<54 d, when indoor pressures were 
manipulated to create under-pressurized conditions for other studies conducted at the 
house.  One of those studies inadvertently introduced a TCE indoor air source that was 
identified and removed at t=54 d. These periods are identified and those data are shown 
in Figure 2.4, but the results were removed from the data set in the analyses and 
assessment of indoor air sampling approaches discussed below.   Also indicated in Figure 
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2.4 are time intervals when synoptic soil gas and groundwater sampling were conducted; 
those results are being used to study the transient behavior of subsurface chemical 
distributions beneath and surrounding the house, and will be reported elsewhere. 
Ignoring the t=0 to 60 d time period, TCE concentrations in indoor air varied by 
about two to three orders-of-magnitude (<0.01 to 10 ppbv). Given that changes in the air 
exchange rate are less than an order of magnitude, the indoor air concentration changes 
must reflect changes in TCE mass entry rate to the house.  Embedded within the 2.5 year 
sampling history are two recurring VI behaviors.  There are “active” VI periods, which 
are prevalent in fall, winter, and sometimes into early spring, that involve varying levels 
of VI impacts intermixed with sporadic periods of non-detect concentrations. Figure 2.5 
presents data from a representative VI-active period occurring during winter months.  For 
this sample VI-active period, TCE concentrations increase and then decrease over multi-
day time periods, with maximum concentrations ranging from about 0.5 to 2 ppbv.  One- 
to four-day periods of non-detect concentrations (<0.01 ppbv) are interspersed throughout 
the VI-active periods.   
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Figure 2.5. Temporal behavior of TCE in indoor air during a VI-active period (values 
≤0.011 ppbv are plotted as 0.011 ppbv). 
 
There also are inactive, VI-dormant periods, which are prevalent in late spring 
and summer; these involve mostly non-detect indoor air concentrations and sporadic one- 
to two-day periods of VI-activity. Figure 2.6 presents data from a representative VI-
dormant period occurring during summer months.  For this sample VI-dormant period, 
there are one- to three-week periods of non-detect concentrations and brief increases in 
indoor concentrations to levels (0.05 – 1.0 ppbv) similar to those observed during the VI-
active period.  
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Figure 2.6. Temporal behavior of TCE in indoor air during a VI-dormant period (values 
≤0.011 ppbv are plotted as 0.011 ppbv). 
 
2.4.2 Implications for VI pathway assessment – synthetic 24-h average 
concentration data set and simple sampling schemes. The data presented here 
comprise the longest and highest-frequency monitoring record to date for anthropogenic 
chemical impacts to indoor air at a vapor intrusion site.  Thus, it is unknown whether or 
not the data are representative of other VI-sites, and one must be cautious in extending 
lessons-learned below to other VI sites.  Nevertheless, the data provide the first 
opportunity to evaluate whether or not conventional sampling approaches are likely to 
yield correct answers at this and any similar sites to the two primary VI-pathway 
assessment questions (1):  a) is the VI pathway complete at a site (e.g., are there indoor 
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air impacts that are attributable to VI activity)?, and b) does the potential exposure to VI-
related indoor air impacts exceed target exposure thresholds?  
The frequency and duration of indoor air sampling used in this study are not 
practicable for routine VI pathway assessment. For the past decade, 24-h samples have 
been the standard for VI-pathway assessment; although longer-term (one- to three-week) 
passive sorbent sampling is well validated (USEPA, 2012c), it is not commonly used in 
the U.S.  The data in Figure 2.4, therefore, were converted to a synthetic 24-h daily-
average concentration data set.  This approach is similar in principle to the radon data 
analysis of Hubbard et al. (5), where higher-frequency (daily) data were converted to 
longer-term (bi-monthly and annual) average concentrations to assess the utility of longer 
sampling periods for exposure assessment.  
The following procedure was used to create the synthetic 24-h data set presented 
in Figure 2.7: i) 0<t<60 d data were removed as discussed above; ii) 24-h average 
concentrations were calculated separately for the portable GC/MS and sorbent tube data 
sets; and iii) the two daily-average data sets were combined by averaging when two 24-h 
average values were available for the same day, or the single value was used when only 
one concentration value was available.  A seasonal comparison of the 24-h average 
concentration distributions is provided in Supporting Information (SI) Figure 2.S1. All 
24-h average concentrations were calculated for 8 AM to 8 AM sampling periods and the 
value assigned to the midpoint time (8 PM) for plotting purposes.  Synthetic 
concentrations were only calculated when actual monitoring results were available for at 
least 8-h of a 24-h period.  To fully emulate the features of a real data set, a method 
detection limit was defined and used to truncate the synthetic data set at 0.01 ppbv.  
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Whenever the procedure above produced a 24-h concentration <MDL then that 
concentration was assigned a value of one-half the MDL (0.005 ppbv) as is sometimes 
done in practice when manipulating VI data sets.  Results <0.011 ppbv are plotted as 
0.011 ppbv in Figure 2.7 for consistency with other figures.  
 
 
Figure 2.7. Synthetic 24-h sample data set derived from data in Figure 2.4 (excluding 
0≤t≤60 days data; values ≤0.011 ppbv are plotted as 0.011 ppbv). 
 
The resulting synthetic data set is plotted in Figure 2.7.  There are 723 24-h 
average concentrations distributed across 858 days (84% coverage, excluding 0<t<60 d).  
The mean and median concentrations for the synthetic data set are 0.08 and <0.01 (0.009) 
ppbv, respectively. As can be seen the 24-h average values represent the overall trends 
seen in Figure 2.4, with similar seasonal variability and VI-active fall-summer-spring and 
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VI-dormant summer seasons.   The peak concentration (2.4 ppbv) is about 20% lower 
than in the actual shorter sampling interval data set due to the time-averaging, so 
concentrations vary by about two orders of magnitude above the 0.01 ppbv MDL.  There 
is a high percentage of values at or near the MDL; for example, 51% are less than or 
equal to the MDL and 64% are less than or equal to twice the MDL. 
Given the characteristics of the data set (two-order-of-magnitude range and a high 
frequency of non-detects), one might wonder about the outcomes from conventional VI 
sampling approaches.  To examine this, the data subset from 61<t<738 d, which spans 
eight seasons, was used to generate outcomes for three simple sampling plans.  The mean 
concentration for that time interval is 0.09 ppbv, the maximum value is 2.4 ppbv, and 44% 
of the concentrations values are less than or equal to the 0.01 ppbv MDL.  
The three simple indoor air sampling plans involve collecting: a) one sample per 
season (fall/winter/spring/summer) over one year, b) collecting one sample in summer 
and one in winter and c) collecting two samples in winter.  The intent here is not to 
explore all possible sampling plans or determine optimal plans, although that topic is 
currently being explored with the data set and will be reported elsewhere.  The goal is to 
examine the results from three plans that are not atypical of current practice to get a sense 
of the possible outcomes from sparse and infrequent sampling.  
Each sampling plan was simulated 5000 times to develop representative statistics.  
For a given realization, each seasonal sample was randomly collected from the 
distribution of all concentrations for that season.  For example, all values in the two 
winter seasons shown in Figure 2.7 were combined into one winter concentration 
distribution, and samples were pulled randomly from that distribution in each realization.  
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Basic statistics (mean, median, quartiles) for the distributions of sampled concentrations 
from the 5000 realizations were compared with the statistics of the original distributions 
to ensure consistency. 
The seasonal concentration distributions that were sampled are presented in 
Figure 2.8, along with the aggregate t=61 to 738 d data distribution.  Concentrations in 
this figure are normalized to the MDL as that is often an important reference in reviewing 
data.  For example, results close to the MDL are often considered in practice to be the 
result of analytical variability rather than subsurface VI impacts.  The MDL may be 
regarded as a reference for VI signal strength; it is much easier to decide if VI is 
occurring when all sample results are much greater than the MDL than if they are close to 
the MDL.  As can be seen, there are fewer values ≤MDL (concentration/MDL ≤1) and 
more higher concentration values (concentration/MDL ≥10) as one moves from summer 
to spring to fall to winter.  The percentage of concentrations less than the mean is >50% 
for all seasons, increasing from winter to fall to spring to summer, with 100% of all 
summer concentrations being less than about 40% of the mean. 
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Figure 2.8. Seasonal and all indoor air concentration distributions derived from the t = 61 
to 738 d synthetic data in Figure 2.7, with concentrations normalized to the MDL 
assigned to the synthetic data set (0.01 ppbv). 
 
Probability of false negative and positive results when comparing sparse sampling 
to action levels: In practice, sampling results are compared against regulatory action 
levels, and exceedances trigger follow-on actions (e.g., additional sampling, mitigation). 
The synthetic data were used to study outcomes from sparse sampling using hypothetical 
action levels normalized to the true mean concentration for the data set, using action 
levels less than, equal to, and greater than the mean (action level/mean concentration = 
0.2, 0.5, 1.0, 2, 5, 10).   The results are presented in Table 2.1 as probabilities of one or 
more samples exceeding the different action levels. 
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Table 2.1  
Probability of one or more indoor air samples exceeding the target concentration for a 
range of (target concentration/true mean concentration) ratios and three different 
sampling strategies. 
 Sampling Strategies 
 
Fall, Winter, Spring, & 
Summer Sampling 
(4 samples total) 
 
Winter & 
Summer 
Sampling 
(2 samples 
total) 
 
Two Winter 
Samples 
(2 samples 
total) 
Number of Samples Exceeding the Target Concentration 
 
(Target/Mean) 
Concentration* 
Ratio 
 
1 
 
2 
 
3 
 
4 
 
 
1 
 
2 
 
 
1 
 
2 
0.2 94% 64% 20% 1%  72% 4%  91% 51% 
0.5 80% 34% 5% 0%  54% 0%  80% 28% 
1 60% 14% 1% 0%  41% 0%  66% 15% 
2 38% 4% 0% 0%  28% 0%  49% 9% 
5 17% 1% 0% 0%  12% 0%  22% 1% 
10 10% 1% 0% 0%  8% 0%  16% 1% 
 True Mean = 0.09 ppbv for the synthetic data set 
 MDL =  0.01 ppbv for the synthetic data set
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Typically the action level represents a long-term average concentration that is 
deemed protective; however, it might also represent a threshold for acceptable short-term 
exposures.  For the former, we are concerned with: a) probabilities of one or more 
samples not exceeding the threshold when the true mean ≥ threshold (false negative 
condition), and b) probabilities of one or more samples exceeding the threshold when the 
true mean < threshold (false positive condition).  Table 2.1 shows that the probability of 
false negative conclusions (=100% - values in Table 2.1) is as low as 6% and increases to 
40% as the ratio of (action level/true mean) approaches unity and one exceedance is 
enough to trigger action; the probability also increases significantly as the number of 
sample exceedances required increases. The probability of false positives is at least 10% 
and increases to about 40% as the ratio of (action level/true mean) approaches unity and 
one exceedance is enough to trigger action; the probability also decreases significantly as 
the number of sample exceedances required increases.  There are differences between the 
three sampling plans, with the four season and winter-only sampling plans having the 
lowest false negative and highest false positive percentages.  
For cases where the action level represents a threshold for acceptable 24-h 
exposures, we are concerned with probabilities of samples not exceeding the action level 
when the true maximum concentration ≥ action level (false negative condition).  For this 
synthetic data set, the probability of false negative decisions (=100% - values in Table 
2.1) exceeds about 80% when the (action level/true mean) > 5.  As the true maximum 
concentration > 10X true mean for this data set, there is no chance of a false positive 
condition. 
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2.4.3 Probability of under- and over-estimating the long-term mean 
concentration using sparse and infrequent Sampling. The mean of indoor air sample 
concentrations is a relevant statistical quantity for exposure considerations.  Figure 2.9 
presents the distributions of mean concentrations calculated from samples for the three 
sampling plans, using the 5000 sampling realizations.  Results are normalized to the true 
mean for the data set.  Vertical lines that bracket an order of magnitude range about the 
true mean are drawn on the plot (mean of samples/true mean = 0.3 and 3.0).  As can be 
seen, there is about a 32% probability that four-season sampling will produce a mean 
concentration that is ≤30% of the true mean and a smaller 8% probability that the 
sampling mean will be greater than three times the true mean.  For the winter and 
summer sampling plan, there is about a 48% probability of producing a mean 
concentration that is ≤30% of the true mean and a smaller 11% probability that the 
sampling mean will be greater than three times the true mean. For the two winter samples 
plan, there is about an 18% probability of yielding a mean concentration that is ≤30% of 
the true mean and a slightly larger 22% probability that the sampling mean will be greater 
than three times the true mean.   There is about a 60% probability that the sampling mean 
will be within the order-of-magnitude range about the true mean for the four-season 
sampling plan, a 41% probability that the sampling mean will be within the order-of-
magnitude range about the true mean for the winter/summer sampling plan, and a 60% 
probability that the sampling mean will be within the order-of-magnitude range about the 
true mean for the two winter samples plan. 
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Figure 2.9. Distribution of sample means for 5000 sampling realizations and three simple 
sampling schemes, with concentrations normalized by the true mean for the t = 61 to 738 
d synthetic data (0.09 ppbv) shown in Figure 2.7. 
 
2.4.4 Future needs for robust VI pathway assessment paradigm development. 
The results above suggest a need for discussion and linking of sampling schemes and 
decision rubrics in creation of future VI assessment paradigms, and examination of 
possible outcomes for sites with dense data sets.  Use of the two simple sampling 
schemes illustrates that there can be relatively high probabilities of false-negative 
decisions and poor characterization of long-term mean concentrations with sparse data 
sets typical of current practice.  As this is the first long-term and high-frequency data set 
for VI impacts from anthropogenic chemicals, similar data sets from other sites are 
order-of-magnitude range 
about the true mean 
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needed to test the robustness of possible VI pathway assessment paradigms.  As 
mentioned above, it is unknown whether or not the data from this study site are 
representative of other VI-sites, so caution should be exercised in extending lessons-
learned at this site to other VI sites. 
 
2.5 SUPPORTING INFORMATION 
 
 
Figure 2.S1. Histogram of 24-h averages for sorbent tube and portable GC/MS samples 
by season. 
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CHAPTER 3 
TEMPORAL AND SPATIAL VARIABILITY OF GROUNDWATER AND SOIL 
GAS CONCENTRATIONS ABOVE A DILUTE CHLORINATED SOLVENT-
IMPACTED GROUNDWATER PLUME 
 
3.0 ABSTRACT 
Current regulatory guidance for assessing the vapor intrusion (VI) pathway favors 
a multiple-lines-of-evidence (MLE) approach. This often includes the collection of 
groundwater, soil gas, and indoor air samples for chemical analysis to assess the 
significance of VI at a site. Past studies evaluating the temporal and spatial variability of 
such data are limited and often involved only a few sampling events to evaluate the 
differences in variability along the VI pathway. In this study, over 2 years of intensive 
monitoring was performed at a house overlying a dilute chlorinated solvent-impacted 
groundwater plume to improve the understanding of the temporal and spatial variability 
in groundwater and soil gas. The results showed increasing temporal and spatial 
variability as the sampling location moved upward from the source location to ground 
surface. Deep soil gas and groundwater concentrations measured below the foundation 
were more consistent through time and space than sub-slab soil gas data, and therefore 
might be more reliable for VI pathway screening purposes. These results highlight the 
potential limitations of conventional VI assessment using short-term low-frequency 
monitoring and the need for alternate assessment approaches. 
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3.1 INTRODUCTION  
Vapor intrusion (VI), which is defined as the migration of chemical vapors from 
subsurface contaminant sources to indoor air through entries in foundations, can lead to 
potential health risks for building occupants (USEPA, 2012a). Over the past two decades 
this exposure pathway has received considerable attention from regulatory agencies. For 
instance, the U.S. Environmental Protection Agency (USEPA, 2002), 23 states (18 with 
finalized guidance and 5 with draft guidance) (Levy, 2012), and several industry groups 
(API, 2005; ITRC, 2007) have each developed guidance for assessing the VI exposure 
pathway. All involve a multiple-lines-of-evidence (MLE) approach, similar to that 
recommended by USEPA (2012a) and the Interstate Technology & Regulatory Council 
(ITRC, 2007). In general, the MLE approach involves the collection of point-in-time 
groundwater, soil gas, and indoor air samples for chemical analysis, along with 
screening-level or more complex chemical transport modeling. Indoor air concentration 
data tends to be the most heavily weighted in decision-making because they are the most 
direct measurement of occupant exposure and are often of greatest interest to occupants. 
The challenge with relying on indoor air sampling data is that it can be 
confounded by both temporal variability and contributions from indoor sources (Hers et 
al., 2001; McHugh et al., 2004; Gorder and Dettenmaier, 2011; USEPA, 2012b; Holton et 
al., 2013). High frequency monitoring results reported by USEPA (2012b) and Holton et 
al. (2013) reveal that temporal variability of indoor air concentrations can be greater than 
anticipated from earlier studies (Folkes et al., 2009) and that conventional monitoring 
approaches may not be adequate for assessing exposure. USEPA (2012b) reported that 
PCE concentrations in indoor air varied by over two orders of magnitude in weekly 
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monitoring conducted over a one-year period at a duplex. Holton et al. (2013) performed 
a study at a residential site that included indoor air monitoring in a house for 2.5 years at 
2 – 4 hour intervals and showed that indoor air TCE concentrations varied by up to three 
orders-of-magnitude within periods of days to weeks. Holton et al. (2013) used their data 
to project outcomes of common sampling schemes and concluded that 
mischaracterization of occurrence and magnitude of VI exposure was likely at homes 
with VI behavior like the one studied. With respect to indoor sources, Gorder and 
Dettenmaier (2011) performed investigations to determine possible sources for 
chlorinated volatile organic compounds (CVOCs) in indoor air in 46 residences. In many 
cases, indoor air impacts were traced to consumer products. 
Groundwater and soil gas sampling results are subject to both temporal and spatial 
variability. For example, temporal and spatial variability in sub-slab (SS) soil gas can be 
an order-of-magnitude or greater (USEPA, 2006; Folkes et al., 2009; Luo et al., 2009). 
SS soil gas sampling data is the next closest measurement to occupant exposure, which is 
why some guidance documents suggest its use is necessary for interpreting indoor air 
data (NYSDOH, 2006). Current guidance from USEPA (2012a) does not provide a 
definitive recommendation for the number of SS soil gas samples needed for site 
investigations, but suggests that 1 - 3 samples for an average-sized residential dwelling 
(i.e., 140 m2) may be sufficient based on the spatial variability observed in previous 
studies (USEPA, 2006). Along with the temporal and spatial variability reported for SS 
soil gas data, bidirectional exchange between soil gas and indoor air may lead to 
contamination of soil gas by indoor sources (McHugh et al., 2006). Another issue with 
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SS soil gas sampling is that it requires drilling holes through foundations, which may not 
be permitted by building owners.  
When SS soil gas sampling is not possible, sampling outside of the building may 
be considered (USEPA 2012a).  In fact, many practitioners prefer to start the 
investigation process outside of the building, since it is less intrusive and avoids the 
difficulties associated with indoor sources (ITRC, 2007). Past modeling efforts by Abreu 
and Johnson (2005) predict that soil gas concentrations will be higher beneath the 
building than adjacent to it at the same depth. A study comparing internal and external 
soil gas data at multiple depths by USEPA (2012b) provided mixed results, but generally 
agreed with the modeling predictions.  
The majority of the field studies cited above were performed at different sites and 
temporal and spatial variability were not studied simultaneously, which makes 
comparison of the results difficult. The studies have raised a number of questions. For 
instance, a) Does the spatial distribution of soil gas change with time?; b) At what depth 
do spatial and temporal variability dissipate below the slab?; and c) Do temporal and 
seasonal trends observed in indoor air data match those in subsurface data?  
To answer these questions, a long-term, high-frequency monitoring study with 
high spatial resolution is needed. The goal of this study was to collect the first data set of 
this type, with a focus on answering the questions raised above. This studied was 
performed concurrently with the work reported in Holton et al. (2013). 
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3.2 SITE DESCRIPTION 
The study site is a two-story, split-level house with three bedrooms on the upper 
level, a living space on the lower level, and an attached garage, located in a residential 
neighborhood. The house footprint is approximately 85 m
2
 (915 ft
2
) and sits on a 
southern-facing slope with an elevation drop of about 2.5 m across the property. A photo 
of the study house is in Holton et al. (2013) and details of the subsurface infrastructure 
are included in the supplemental information for Holton et al. (2015). 
The house overlies a dilute groundwater plume containing the chlorinated volatile 
organic chemicals (CVOCs): 1,1,1-trichloroethane, trichloroethylene (TCE), and their 
associated degradation daughter products (e.g., 1,1-dichloroethylene). TCE 
concentrations are presented and discussed here as their behavior is representative of the 
other CVOCs monitored at the site. As discussed in Holton et al. (2013), groundwater at 
the site is estimated to be approximately 2.5 m below-slab (BS), based on the absence of 
groundwater in the 1.8 m BS sampling points and its presence in 2.7 m BS sampling 
points. 
Depth-discrete soil gas and groundwater monitoring points were installed at 
locations around the house and within the building footprint. These locations are shown 
in Figure 3.1. Additional details on the sampling network are provided in Appendix I. 
Hydrated bentonite was placed above and below each sampling point to ensure no 
vertical connectivity between intervals or with the atmosphere. Sampling locations within 
the building, which were completed through the building slab, were sealed with a cement 
plug topped with a silicone caulk seal. 
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Figure 3.1. Building footprint schematic showing sampling locations. 
 
3.3 EXPERIMENTAL APPROACH 
The study house was monitored over a 2 year period under natural conditions, 
from August 2010 through August 2012 (-13 d < t < 735 d). Field visits for sampling and 
analysis of groundwater and soil gas occurred on a monthly to quarterly basis. In total, 
synoptic surveys of groundwater and soil gas were conducted 16 times. The data are 
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placed on a timeline consistent with other chapters and previous publications (Holton et 
al., 2013; Holton et al., 2015), where time (t) = 0 is 8:00 AM on 8/15/2010. 
The data are presented in an order aligned with the VI pathway, from shallow 
groundwater to SS soil gas, to demonstrate the increasing variability that occurs as 
sampling gets closer to the surface. The characteristics of these data are discussed below. 
Due to the abundance of data collected over the study period, particularly for soil gas, 
simple box and whisker plots of concentrations at each sampling location will be used to 
provide a general understanding of the temporal variability. For soil gas, real-time 
concentration data are also presented to further support observations. 
 
3.4 EXPERIMENTAL METHODS 
3.4.1 Groundwater monitoring. As noted above, groundwater monitoring 
locations were located around the building and beneath the building footprint. 
Groundwater sampling locations beneath the building footprint were single completions, 
each set at 2.7 m BS. Sampling locations outside the house were multi-level with 0.9 m 
screened intervals and total depths ranging from 4.3 m to 12.8 m. Only the shallowest 
sampling points for the sampling locations outside of the house are discussed below. 
Additional details on the sampling network are presented in Appendix I.  
Prior to collection of groundwater samples, the depth to groundwater was 
measured to determine groundwater elevation and estimate the volume of water in the 
well. Groundwater wells were then purged three well-volumes using peristaltic pumps 
with dedicated or new polyethylene tubing, dedicated inertial pumps and polyethylene 
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tubing, or disposable polyethylene bailers. Inertial pumps or bailers were used when a 
peristaltic pump was unable to collect a sample.  
Groundwater samples were collected within 24 h after the wells were purged in 
40 mL volatile organic analysis (VOA) vials preserved with hydrochloric acid. 
Duplicates were collected when sufficient groundwater was available. Additional samples 
were collected at 2 - 3 monitoring locations for additional quality assurance/quality 
control tests (QA/QC). The samples were placed on ice immediately after collection and 
shipped to ASU, where they were analyzed within 48 h of receipt.  
Groundwater samples were analyzed for dissolved CVOCs by a 42°C heated-
headspace method using an SRI GC equipped with a dry electrolytic conductivity 
detector (DELCD). For every 10 samples analyzed, a duplicate sample was analyzed to 
assess variability and error in sampling and analysis. The instrument was calibrated daily 
using water standards prepared from a 10 g/L stock solution including TCE and a suite of 
other CVOCs of interest. Calibration checks were performed after 10 sample runs to 
ensure consistency in analysis. In the event that calibration checks indicated a drift in the 
calibration curve (>20% change), a second full calibration was performed. 
3.4.2 Soil gas monitoring. Soil gas samples were collected and analyzed during 
synoptic field surveys. Samples were collected at SS, 0.9 m BS, and 1.8 m BS depths. 
Soil gas sampling was inconsistent at depths deeper than 1.8 m BS (i.e., 2.7 m BS) due to 
the presence of groundwater in the sampling lines, and those results are not presented 
here. All interior and exterior sampling results are presented with depths specified 
relative to the building’s slab elevation. For some periods, soil gas was monitored in real-
time as discussed below. 
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3.4.2.1 Collection and Analysis of Soil Gas Grab Samples. Synoptic soil gas 
samples were collected in Tedlar bags using a custom built vacuum box, referred to here 
as a “lung sampler”. A photo of the lung sampler is shown in Appendix II. Samples were 
analyzed within 1 h using one of two methods: (a) on-column injection for samples with 
concentrations >5 ppbv and (b) pre-concentration on a multi-bed sorbent trap and 
subsequent thermal desorption and injection for samples with concentrations <5 ppbv. For 
the former, 500 μL vapor samples were directly injected onto a 60m Restek MXT-1 
column (Restek Corporation, Bellefonte, PA) held at 40°C in a SRI GC equipped with a 
DELCD. Following injection, the GC oven was heated from 40°C to 220°C at 12°C/min 
and then held at 220°C for 3 min. The latter used a multi-bed sorbent trap for 
concentrating 100-500 mL of sample pulled from a 1-L Tedlar bag using a vacuum pump 
(Rena 301 series, model BE-302 vacuum/pressure pump), and a vacuum-configured 
0-100 mL/min mass flow controller (Alicat Scientific, Tucson, AZ) at 50 mL/min. Multi-
bed sorbent tubes (0.64 X 15.2 cm-long) were packed with Tenax-GR and Carboxen-569. 
After trapping the sample, the sorbent tube was heated to 240°C and held for 2 min to 
desorb the sample with helium carrier gas to sweep the sample onto the column. Similar 
to the on-column injection method, the column was then heated from 40°C to 220°C at 
12°C/min and then held at 220°C for 3 min.  
The instrument was calibrated daily using gas standards prepared from dilutions 
of a 1 ppmv commercial gas standard. Calibration checks were performed after 10 sample 
runs to ensure consistency. In the event that calibration checks indicated a drift in the 
calibration curve (>20% change), a second full calibration was performed. 
 
 73 
3.4.2.2 Real-time monitoring of soil gas. Soil gas was monitored in real-time by a 
GC equipped with an electron capture detector (ECD). Soil gas was pulled through a 
multi-bed sorbent tube trap (same as above) by a vacuum pump (Rena 301 series, model 
BE-302 vacuum/pressure pump), and a vacuum-configured 0-100 mL/min mass flow 
controller (Alicat Scientific, Tucson, AZ) at 50 mL/min. Sample collection time was 
controlled using SRI’s PeakSimple software. Once a sample was collected, the sorbent 
tube was heated to 240°C and helium carrier gas pushed the sample onto a 60 m MXT-5 
capillary column held at 40°C. After a 2-min delay, to allow ample time for the trap 
heater to reach 240°C and for the sample to desorb from the trap, the column was heated 
from 40°C to 220°C at 10°C/min. 
Calibration of the GC/ECD occurred every 1 - 3 months, during site visits, at the 
beginning and end of synoptic surveys, using diluted gas standards prepared from the 
same 1 ppmv commercial gas standard mentioned above. Replacement of the multi-bed 
sorbent trap occurred when calibration curves approached a 20% difference from the first 
calibration using the trap. On average, trap replacement occurred every 2 - 3 months. The 
method detection limit (MDL) for TCE for this method was 0.009 ppbv calculated using 
USGS’s procedure for determining the MDL (USGS, 1999). These methods are reported 
in greater detail in Appendix II. 
 
3.5 RESULTS AND DISCUSSION 
3.5.1 Groundwater. Figure 3.2 shows TCE concentrations at 2.7 m below-slab 
interior sampling points from -13 d < t < 735 d. Similarly, Figure 3.3 shows TCE 
concentrations in shallow groundwater exterior sampling points for the same time period. 
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For exterior sampling points, only shallow groundwater results are shown for comparison 
with interior sampling points. For both figures, breaks in the lines between data points 
represent periods where no sample was available. Data tables of groundwater 
concentrations, including data for other exterior monitoring points, are provided in 
Appendix III. 
In general, TCE concentrations from interior and exterior groundwater sampling 
points ranged from about 1-60 μg/L. For interior sampling points, concentrations varied 
by about a factor of 3X or less spatially. Changes in the spatial distribution of exterior 
sampling points are more complex, since they are collected at slightly different 
elevations. Of note is the minimal temporal variability of groundwater concentrations, 
which suggests that changes in groundwater concentration (roughly about 2X about the 
mean) do not drive the orders-of-magnitude temporal changes observed in indoor air at 
this site. 
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Figure 3.2. TCE groundwater concentrations for 2.7 m below-slab interior sampling 
points from August 2010 to August 2012.  
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Figure 3.3. TCE groundwater concentrations at shallow exterior sampling points from 
August 2010 to August 2012.  
 
The results for individual interior and shallow exterior groundwater sampling 
points during this period are summarized in Figure 3.4 as a box and whisker plot. For the 
figure, the end points of the boxes represent the 25
th
 and 75
th
 percentile values, the middle 
line is the median, and the whiskers are the 10
th
 and 90
th
 percentile values. The data are 
separated by garage, interior, and exterior sampling points to highlight differences in the 
locations. Based on the interquartile range of each sampling point, the temporal 
variability of concentrations at most locations was about a factor of 1.5X-2.5X about the 
mean. 
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Figure 3.4. Box and whisker plot of TCE concentrations in interior and exterior shallow 
groundwater from August 2010 to August 2012.  
 
3.5.2 Soil gas. As discussed above, the data will be presented in a manner that is 
aligned with the VI pathway. For soil gas, this means data will be presented from deep to 
shallow soil gas at 1.8 m BS, 0.9 m BS, and SS depths, respectively. 
3.5.2.1 Deep soil gas. Figures 3.5 to 3.8 show contour plots of TCE 
concentrations in soil gas at 1.8 m BS depth sampling points from August 2010 through 
August 2012. The plots, along with those presented from shallower depths, were 
generated using Surfer 12 software (Golden Software, Golden, CO). The Kriging 
gridding method provided in the software was used to interpolate soil gas concentrations 
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between sampling points. The plots are placed in sets of 4 to accommodate their size and 
allow for easier visual inspection.  
In general, Figures 3.5 to 3.8 show a concentration gradient from the northwest 
corner to southeast corner of the yard. This trend reflects the variation in ground surface 
elevation across the property; the house is built into a hillside that slopes down from 
north to south. As such, the 1.8 m BS depth sampling points in the backyard are further 
below ground surface than those beneath the building footprint or in the front yard. 
 
 
Figure 3.5. Soil gas concentration contour plots for the 1.8 m below-slab depth sampling 
points from (a) August 2010, (b) November 2010, (c) December 2010, and (d) March 
2011. 
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Figure 3.6. Soil gas concentration contour plots for the 1.8 m below-slab depth sampling 
points from (a) April 2011, (b) May 2011, (c) July 2011, and (d) August 2011. 
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Figure 3.7. Soil gas concentration contour plots for the 1.8 m below-slab depth sampling 
points from (a) September 2011, (b) November 2011, (c) December 2011, and (d) 
January 2012. 
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Figure 3.8. Soil gas concentration contour plots for the 1.8 m below-slab depth sampling 
points from (a) February 2012, (b) April 2012, (c) May 2012, and (d) August 2012. 
 
 Figure 3.9 provides a summary of the soil gas concentration data at 1.8 m BS 
depth sampling points in a box and whisker plot. Similar to the box and whisker plot 
shown for groundwater concentrations, the end points of the boxes represent the 25
th
 and 
75
th
 percentile values, the middle line is the median, and the whiskers are the 10
th
 and 90
th
 
percentile values. Locations A and B are not included in the plot, since water was often 
present at 1.8 m BS for those locations. Overall, with the exception of location E, the 
concentrations at individual sampling points varied similarly over time at garage, interior, 
and exterior locations from a factor of about 2X to 5X between the 10
th
 and 90
th
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percentile values. The concentrations at locations D and E stand out in this plot as 
location D concentrations are about two-orders of magnitude lower than other locations 
and location E concentrations varied more between sampling events than other locations. 
 
 
Figure 3.9. Box and whisker plot for TCE concentrations in soil gas at the 1.8 m below-
slab depth sampling points from August 2010 to August 2012.  
 
3.5.2.2 Mid-depth soil gas. Figures 3.10 to 3.13 show contour plots of TCE 
concentrations in soil gas at 0.9 m BS depth sampling points. Similar to sampling points 
at 1.8 m BS depth, the concentration results for 0.9 m BS depth show a concentration 
gradient from the northwest corner of the backyard to the southeast corner of the front 
yard; however, it is less distinct than that at 1.8 m BS due to spatial changes in the soil 
gas distribution that occurred over time. 
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Figure 3.10. Soil gas concentration contour plots for the 0.9 m below-slab depth sampling 
points from (a) August 2010, (b) November 2010, (c) December 2010, and (d) March 
2011. 
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Figure 3.11. Soil gas concentration contour plots for the 0.9 m below-slab depth sampling 
points from (a) April 2011, (b) May 2011, (c) July 2011, and (d) August 2011. 
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Figure 3.12. Soil gas concentration contour plots for the 0.9 m below-slab depth sampling 
points from (a) September 2011, (b) November 2011, (c) December 2011, and (d) 
January 2012. 
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Figure 3.13. Soil gas concentration contour plots for the 0.9 m below-slab depth sampling 
points from (a) February 2012, (b) April 2012, (c) May 2012, and (d) August 2012. 
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Figure 3.14. Box and whisker plot of TCE concentrations in soil gas at the 0.9 m below-
slab depth sampling points from August 2010 to August 2012. 
 
Figure 3.14 shows a summary a summary of the soil gas concentration data at 0.9 
m BS depth in a box and whisker plot. In comparison to Figure 3.9, differences between 
garage, interior, and exterior sampling point concentrations are more apparent, with 
concentrations at garage sampling points varying by a factor of about 4X, interior 
sampling points varying by 5X to 12X, and exterior locations varying by 2X to 12X 
based on the 10
th
 and 90
th
 percentile values 
 3.5.2.3 Shallow soil gas. Figures 3.15 to 3.18 show contour plots of TCE 
concentrations in soil gas at SS depth sampling points. In general, the distribution of soil 
gas concentrations at SS depth sampling locations is quite different from the deeper 
sampling points, with more obvious changes over time. In general, SS soil gas 
concentrations are all less than their corresponding 0.9 m BS depth sampling points, but 
there are occasions where the concentration in SS depth soil gas is greater than at the 0.9 
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m BS depth. Unlike the deeper sampling points, the location of the highest SS soil gas 
concentration changed from survey to survey. 
 
 
Figure 3.15. Soil gas concentration contour plots for the sub-slab depth sampling points 
from (a) August 2010, (b) November 2010, (c) December 2010, (d) and March 2011. 
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Figure 3.16. Soil gas concentration contour plots for the sub-slab depth sampling points 
from (a) April 2011, (b) May 2011, (c) July 2011, and (d) August 2011. 
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Figure 3.17. Soil gas concentration contour plots for the sub-slab depth sampling points 
from (a) September 2011, (b) November 2011, (c) December 2011, and (d) January 2012. 
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Figure 3.18. Soil gas concentration contour plots for the sub-slab depth sampling points 
from (a) February 2012, (b) April 2012, (c) May 2012, and (d) August 2012. 
 
 
 92 
 
Figure 3.19. Box and whisker plot of TCE concentrations in soil gas at the sub-slab depth 
sampling points from August 2010 to August 2012. 
 
 Figure 3.19 presents a summary of the soil gas concentration data at SS depths in 
a box and whisker plot created using the same format as outlined above. Location D is 
not included in the summary, since a SS depth sampling location at D would be above 
ground surface. Compared to the deeper sampling locations, concentrations at SS depths 
varied considerable more from 4X to over one order-of-magnitude based on the 10
th
 and 
90
th
 percentile values. Soil gas concentrations at garage and exterior sampling points 
generally saw less variation than interior sampling points. The exception to this was 
location A, where the interquartile range was greatest.  
It’s important to note that the box and whisker plots, while giving a general idea 
of the variation that occurred in soil gas during the study, do not show the spatial 
variation that occurred over time. Appendix III provides additional soil gas monitoring 
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results, including multi-depth contour plots, to further highlight the changes in the spatial 
distribution of soil gas that occurred over time.  
 3.5.2.4 Comparison of soil gas data. The data presented above demonstrate that 
temporal and spatial variability of TCE concentrations in soil gas increased as the 
sampling point moved closer to the building foundation and ground surface.  This 
observation is supported by the increasing interquartile range of the data shown in 
Figures 3.9, 3.14, and 3.19.  This behavior is expected, since dynamic changes in the 
environmental and building conditions will have the greatest influence on soil gas closest 
to the building foundation and surface.  
Table 3.1 provides a summary of relevant statistics for the soil gas data at each 
depth. The significance of the temporal variability observed at each soil gas sampling 
location and depth was evaluated by looking at the ratio of (90
th
 percentile – 10th 
percentile)/median values. On the whole, this ratio increases in value from deep soil gas 
to shallow soil gas and interior locations show the largest values at the SS sampling 
depth. Locations B and C do not follow this trend, however, as location B didn’t see a 
significant change between the two available sampling depths and the value decreases 
from 0.9 m BS depth to SS depth at location C.  
As mentioned above, to further evaluate temporal and spatial changes in soil gas 
concentrations, real-time monitoring was performed at several sampling locations during 
the study. Figures 3.20 and 3.21 show results from real-time monitoring of soil gas at SS 
and 0.9 m BS sampling depths at locations 1 and 6, respectively. These data were 
collected over a one-year period from 281 d < t < 607 d. Additional real-time soil gas 
monitoring results are shown in Appendix III.  
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The real-time soil gas results in Figures 3.20 and 3.21 agree with the results from 
the corresponding synoptic soil gas surveys. For location 1, SS and 0.9 m BS soil gas 
varied similarly overtime with data from 0.9 m BS varying by a factor of 4X and SS soil 
gas varying by a factor of 6X. In general, the differences between SS and 0.9 m BS soil 
gas concentrations at location1 were consistent in time with a little more than an order-of-
magnitude variation. The results at location 6 were significantly more variable than 
location 1 with SS soil gas varying by over two orders-of-magnitude and 0.9 m BS soil 
gas varying by over one order-of-magnitude. During several periods, the concentration of 
SS soil gas at location 6 fluctuated between levels above and below those measured at 0.9 
m BS. These events can also be seen when comparing the soil gas contours for SS and 
0.9 m BS depths from December 2011 (Figures 3.12 and 3.17).
  
9
5
 
Table 3.1 
Summary statistics for each soil gas sampling location and depth. 
 
  
Sub-slab Depth Sampling Points 
Garage Interior Exterior 
1 4 2 3 5 6 7 A B C D E F 
Median 0.79 0.59 0.19 0.24 0.24 0.16 0.17 1.03 0.33 0.25 NS 0.10 0.29 
10
th
 Percentile 0.53 0.33 0.03 0.04 0.13 0.05 0.06 0.05 0.14 0.09 NS 0.04 0.13 
90
th
 Percentile 1.96 1.36 0.65 1.92 2.16 1.98 0.36 2.23 0.67 0.37 NS 0.41 1.43 
(90
th
 Percentile - 10
th
 
Percentile)/Median 
1.8 1.7 3.3 7.8 8.5 11.7 1.7 2.1 1.6 1.1 NS 3.6 4.4 
  
0.9 m Below-slab Depth Sampling Points 
Garage Interior Exterior 
1 4 2 3 5 6 7 A B C D E F 
Median 22.2 13.8 5.4 4.2 3.9 2.3 NS 27.7 4.1 3.3 0.14 0.24 32.7 
10
th
 Percentile 12.6 6.3 1.6 2.1 2.2 0.5 NS 18.6 2.8 1.4 0.08 0.09 10.9 
90
th
 Percentile 46.5 22.0 14.6 11.2 13.9 6.5 NS 43.6 9.6 6.7 0.54 1.11 75.3 
(90th Percentile - 10th 
Percentile)/Median 
1.5 1.1 2.4 2.2 3.0 2.6 NS 0.9 1.6 1.6 3.2 4.3 2.0 
  
1.8 m Below-slab Depth Sampling Points 
Garage Interior Exterior 
1 4 2 3 5 6 7 A B C D E F 
Median 116.9 81.1 150.6 98.6 37.8 41.4 NS NS NS 55.7 1.0 28.6 325.4 
10
th
 Percentile 89.1 46.3 77.0 64.8 25.6 30.8 NS NS NS 34.1 0.5 2.0 221.5 
90
th
 Percentile 212.6 101.5 320.7 144.9 139.0 76.1 NS NS NS 90.3 1.8 86.9 418.1 
(90
th
 Percentile - 10
th
 
Percentile)/Median 
1.1 0.7 1.6 0.8 3.0 1.1 NS NS NS 1.0 1.3 3.0 0.6 
*NS = No sample available at this depth 
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Figure 3.20. TCE concentration in sub-slab and 0.9 m below-slab soil gas at location 1 
from May 2011 to April 2012. 
 
As shown with the real-time data in Figure 3.20 and 3.21, the degree of temporal 
variability differs between sampling points with some locations experiencing little 
changes over time. As discussed above, other interior sampling points also saw greater 
concentration changes in with time and space. This variation corresponds to the seasonal 
trends reported by Holton et al. (2013), where the greatest indoor air concentrations were 
observed in the late fall to early spring months. 
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Figure 3.20. TCE concentration in sub-slab and 0.9 m below-slab soil gas at location 6 
from May 2011 to April 2012. 
   
 3.5.3 Implications for pathway assessment. The spatial and temporal variability 
in the data presented above suggest that caution is needed when using typical site 
characterization data to assess the potential for vapor intrusion. Deeper soil gas 
concentrations and the shallow groundwater concentrations from interior and exterior 
sampling points showed greater consistency through time than near-surface and sub-slab 
soil gas data, and therefore might be more reliable for use when screening for the 
potential of vapor intrusion.  The validity of this statement is dependent on the accuracy 
of approaches for extrapolating these data to indoor air concentrations and more study is 
needed on that topic. There was spatial variability in these deeper concentrations at the 
study site, so multiple locations about a building should be considered.   
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As this is the first study to employ long-term monitoring of groundwater, soil gas, 
and indoor air at a vapor intrusion site, it is not known if the observed behavior is 
representative of other sites. However, it is clear that conventional approaches would 
likely be inadequate for assessing VI impacts at this site and that alternate approaches 
need to be studied further and adopted by guidance. 
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CHAPTER 4 
CREATION OF A SUB-SLAB SOIL GAS PLUME BY AN INDOOR AIR 
SOURCE AND ITS DISSIPATION FOLLOWING SOURCE REMOVAL 
 
4.0 ABSTRACT 
Indoor sources of volatile organic compounds (VOCs) can confound indoor air 
sampling results from vapor intrusion (VI) pathway assessments.  When discovered 
during a pre-sampling inspection, they are removed.  Indoor air sampling is then delayed, 
with it often being assumed that 24-72 h is sufficient for indoor source impacts to 
dissipate. Indoor sources can also impact sub-slab soil gas due to fluctuating direction in 
the exchange between soil gas and indoor air; little is understood about the longevity of 
that impact following indoor source removal. This study was conducted to gain a better 
understanding of the significance, dynamics, and longevity of indoor source-created soil 
gas VOC storage, and its potential to confound VI pathway assessment. This study 
involved the controlled indoor release of sulfur hexafluoride (SF6) at a study house and 
the monitoring of SF6 in indoor air and soil gas over two years. The data show temporal 
variability of SF6 in indoor air and soil gas, with longer-term seasonal patterns.  The data 
also indicate that it may take days to weeks for soil gas plumes to dissipate following 
indoor source removal.  Modeling supports the field observations. If representative of 
other buildings, the results suggest that the typical 1 – 3 day waiting period following 
indoor source removal may not be sufficient to avoid confounding data situations and that 
multi-week waiting periods may be needed.
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4.1 INTRODUCTION  
Subsurface to indoor air vapor intrusion (VI) pathway assessment often involves 
indoor air and soil gas sampling, with the indoor air results being weighted most heavily 
for estimating exposure and the soil gas results being used to corroborate that indoor air 
impacts are the result of subsurface sources (USEPA, 2012a).  This is done by comparing 
soil gas and indoor air concentrations; if the former is greater than the latter and the ratio 
of the two is within published ranges for attenuation factors (USEPA, 2012b), then it is 
concluded that there is an active connection between contaminants in soil and/or 
groundwater and indoor air. 
This approach can be confounded by indoor air sources and bi-directional 
exchange of soil gas and indoor air. Indoor sources of volatile organic chemicals (VOCs) 
are capable of producing indoor air concentrations above health-based screening levels 
(Dawson and McAlary, 2009; Doucette et al., 2010). Indoor sources can be identified by 
conventional inventory surveys and resident interviews (ITRC, 2007), although that 
approach does not always lead to identification of all indoor sources (Gorder and 
Dettenmaier, 2011).  New methods for discriminating different sources of indoor air 
VOCs are being evaluated. These include portable detector screening (Gorder and 
Dettenmaier, 2011), controlled pressure methods (CPM) proposed by McHugh et al. 
(2012), tested by Beckley et al. (2014), and studied long-term by Holton et al. (2015), and 
use of compound-specific isotope analysis (McHugh et al., 2011).  
When indoor sources are identified, they are removed and indoor sampling will 
often be delayed for one to three days.  That period is thought to be sufficient for indoor 
air impacts to dissipate given typical building air exchange rates, if indoor air is well-
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mixed and there are no significant chemical storage and release mechanisms in play 
(USEPA, 2012a).  Decisions concerning the timing of soil gas sampling might be made 
independent of the identification and removal of indoor air sources. 
Bidirectional exchange between soil gas and indoor air caused by natural 
fluctuations in soil gas to indoor air pressure differentials can confound the approach 
discussed above.  When the building pressure exceeds the soil gas pressure, indoor air 
flows to the subsurface, delivering indoor VOCs to soil gas.  VOCs can then flow back 
into the building when the pressure condition reverses. One possible outcome is a 
subsurface soil gas VOC plume that does not dissipate as quickly as indoor air after 
indoor source removal. McHugh et al. (2006), through simple system-level mass balance 
modeling, predicted that sub-slab (SS) soil gas VOC concentrations will persist and be 
greater than indoor air concentrations for at least one to five days following source 
removal.  They argued that sampling indoor air and SS soil gas during this period will 
lead to erroneous conclusions concerning completeness of the VI pathway using the data 
interpretation approach discussed above.  McHugh et al. (2006) also presented field data 
from an apartment complex to support their assertion that indoor air sources can impact 
soil gas. 
This study was conducted to further our understanding of the significance, 
dynamics, and longevity of indoor source-created soil gas VOC storage, and the potential 
for confounding VI pathway assessment.  More specifically, the goal was to contribute to 
resolving the practical question: “How long must one wait to sample soil gas and indoor 
air following indoor source removal to ensure that impacts of that source on indoor air 
and soil gas have dissipated?” This study involved the first field experiment designed to 
 103 
observe the creation and extent of a soil gas plume beneath a home under well-controlled 
indoor source release conditions and to observe its dissipation following indoor source 
removal.  The field experiment results were supplemented with numerical modeling to 
see if the modeling might be useful for simulating behavior under other field conditions.  
Results from both are presented and discussed below.  
 
4.2 EXPERIMENTAL DESIGN AND METHODS 
4.2.1 Conceptual design: Figure 4.1 presents a conceptual schematic of the 
controlled field experiment. Sulfur hexafluoride (SF6), a common air tracer, is released at 
a constant rate to indoor air for an extended time period and its appearance is monitored 
in indoor air and soil gas beneath and about the house.  Eventually release of the tracer 
stops, and its dissipation from indoor air and soil gas is monitored. 
4.2.2 Study house: The study house is a split-level, two-story, three-bedroom 
house with an attached garage on the lower level, and has a footprint of approximately 85 
m
2
 (915 ft
2
).  It sits on a south-facing slope with an elevation drop of approximately 2.5 
m from back to front across the property.  The house was used for the VI studies reported 
by Holton et al. (2013, 2015).  A house photo appears in Appendix I.   
The building slab thickness ranges from 12 to 16 cm and the gravel pack below 
the slab ranges from 20 to 30 cm thick.  The gravel pack is connected to a local land drain 
system through a lateral pipe running across the southern border of the property. The 
lateral pipe was modified on t = 1072 d with the addition of a manual butterfly valve that 
can be used to control the connection between the sub-foundation area and the land drain 
system. This modification allowed for study of the dissipation of indoor source-created 
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soil gas plumes under different building construction conditions. Additional details, 
including photos and a schematic, are included in the supporting information for Holton 
et al. (2015).  
 
 
Figure 4.1. Conceptual schematic of the indoor source release experiment. 
 
Permanent multi-level soil gas monitoring probes were installed through the 
foundation and outside of the house. Their locations and other key house features are 
shown in Figure 4.2. Bentonite seals were placed above and below each sampling interval 
in the multi-level sampling probes to ensure isolation of intervals from each other and the 
atmosphere. Sampling probes installed through the foundation were sealed at the 
foundation with a cement plug topped with silicone caulk.  The integrity of the seals and 
probe connections was verified by sampling through a helium-filled shroud covering the 
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sampling probe and connectors, and confirming no helium in the sample. Indoor air 
samples were collected at approximately 1 m above the floor in the lower level of the 
house at the location shown in Figure 4.2. 
 
 
Figure 4.2. Schematic of building footprint with sampling locations and SF6 release 
location. 
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4.2.3 Equipment and methods: SF6 was released at a steady 5 mL/min using a 0-
10 mL/min mass flow controller (Alicat Scientific, Tucson, AZ); its release was 
monitored using a computer connected to the mass flow controller and SRI PeakSimple 
software. The release rate was chosen to ensure easy detection and reliable quantification 
in both indoor air and soil gas. 
Two methods were used for analyzing SF6: one for continuous monitoring and 
one for synoptic soil gas surveys. For continuous monitoring of indoor air, outdoor air, 
soil gas, and calibration gas, samples were collected every 30 min using an SRI 10-
stream gas sampling valve connected to an SRI 8610C gas chromatograph (GC) (SRI 
Instruments, Torrance, CA) equipped with a dual mode pulse discharge detector (PDD) 
(Model D-2, Valco Instruments Co. Inc., Houston, TX) run in electron capture (EC) 
mode. Samples were pulled through a 1-mL loop using a vacuum pump (Rena 301 series, 
model BE-3012 vacuum/pressure pump) and a vacuum-configured 0-100 mL/min mass 
flow controller (Alicat Scientific, Tucson, AZ). Then they were pushed by helium carrier 
gas purified by a heated helium purifier (Model HP2, Valco Instruments Co. Inc., 
Houston, TX) onto a washed 0.6 m (2 ft) molecular sieve 5A column, followed by a 5 cm 
(2 in) 0.25 mm ID bonded phase fused silica capillary column. The GC-PDD method 
detection limit (MDL) for SF6 is 1.0 ppbv.  
GC-PDD instrument calibration occurred every 1-3 months during site visits and 
at the beginning and end of synoptic soil gas surveys. Changes in instrument sensitivity 
were observed, so starting on t = 282 d one port of the 10-stream gas sampling valve was 
dedicated to sampling a gas standard with approximately 500 ppbv SF6 held in a series of 
10 L FlexFoil bags (SKC 262-10). The gas standard was sampled and analyzed once 
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every 5 hours during continuous monitoring to allow for real-time verification and 
adjustment  of the GC-PDD calibration. For data collected prior to t = 282 d, detector 
response was assumed to vary linearly with time between calibrations.  When batch soil 
gas sample analyses were conducted, reconfiguration of the GC-PDD allowed for direct-
injection of 500 μL soil gas onto the molecular sieve column.  
Synoptic multi-depth soil gas surveys were performed every 1-3 months. Soil gas 
samples were collected at sub-slab (SS), 0.9 m below-slab (BS), and 1.8 m BS depths at 
the locations shown in Figure 4.2. Samples were collected in 1-liter Tedlar bags (SKC 
232-01) using a custom-built vacuum chamber sampler (also referred to as a “lung 
sampler”). Analyses were conducted within 3 hours of sample collection. 
Differential pressures between soil gas and indoor air and between outdoor air and 
indoor air were monitored every 2 min using electronic differential pressure transducers 
(Model P300-0.4”-D, Pace Scientific Inc., Mooresville, NC) and a data acquisition 
module (Model OMB-DAQ-56, Omega Engineering Inc., Stamford, CT). The pressure 
transducers were re-zeroed daily using an automated valve system. 
 
4.3 RESULTS AND DISCUSSION 
 4.3.1 Long-term indoor source release. The results presented below are placed 
on a timeline consistent with previous publications (2013, 2015), where time (t) = 0 is 
8:00 AM on 8/15/2010.  
4.3.1.1 Differential pressure. Figure 4.3 presents daily 24-h average differential 
pressures measured between SS soil gas and indoor air at location 5 for the time period 
120 < t < 735 d. Positive values indicate flow from the subsurface to indoor air. Vertical 
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bars extending from each daily data point span the 10
th
 and 90
th
 percentile values for that 
day. During this period, 24-h average differential pressures ranged from -0.9 to 0.8 Pa 
with 10
th
 and 90
th
 percentile values ranged from -3.3 to 3.0 Pa. Bidirectional flow within 
a 24-h period, as indicated by a vertical bar spanning both positive and negative values, 
occurs for 59% of the 24-h periods. These results are representative of the other indoor 
sub-slab monitoring locations.  Differential pressure monitoring results from other indoor 
monitoring locations, along with relevant statistics, are shown in Appendix IV.  The 24-h 
average differential pressures and daily ranges shown here are similar to observations for 
other residential buildings under natural conditions (McHugh et al., 2006).   
 
 
Figure 4.3. Daily 24-h average differential pressures measured between soil gas and 
indoor air at location 5 with error bars spanning the 10
th
 and 90
th
 percentile of the real-
time data. 
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4.3.1.2 Indoor air SF6 concentrations. Figure 4.4 presents daily 24-h average 
indoor air SF6 concentrations with vertical bars spanning the daily maximum and 
minimum values. The 24-h average values were only calculated for days with at least 
four samples and are plotted at 8:00 PM on each day. As mentioned above, an inline 
calibration gas standard was used to monitor and correct for changes in instrument 
sensitivity starting on t = 282 d. The data before this period still reflect the general 
behavior of SF6 in indoor air.  SF6 release was suspended during two periods for source 
removal testing and the data from those periods, 630 d < t < 655 d and 681 d < t < 697 d, 
are highlighted in the figure.  
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Figure 4.4. Daily 24-h average SF6 concentrations in indoor air and sub-slab soil gas at 
location 3 from winter 2010 through summer 2012 with error bars spanning the daily 
maximum and minimum values. 
 
Daily 24-h average indoor air SF6 concentrations varied by a little more than a 
factor of five during the long-term release study with smaller daily and seasonal 
fluctuations. The highest concentrations occurred in the late spring to early fall months 
and the lowest concentrations during the late fall to early spring. As the SF6 release rate 
was constant during the study period, temporal changes in indoor air concentrations 
reflect changes in indoor air exchange rate with time. 
4.3.1.3 Soil gas concentrations. Figure 4.4 also presents daily 24-h average SS 
soil gas SF6 concentrations at location 3 from 234 d < t < 730 d. The plot includes error 
bars that span the daily maximum and minimum values. Real-time soil gas sampling also 
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occurred at locations 2 and 6 (shown in Appendix V), but the results from location 3 are 
presented as they are the most complete. Similar to indoor air concentrations, a seasonal 
trend is apparent in the SS soil gas data with the highest SF6 concentrations occurring in 
the late spring to early fall months and the lowest concentrations occurring during the late 
fall to early spring. Daily 24-h average SF6 concentrations in SS soil gas at location 3 
varied by about an order-of-magnitude for this period. In general, SF6 concentrations in 
soil gas were lower than indoor air concentrations during the long-term release study.  
As discussed above, synoptic multi-depth soil gas surveys occurred every 1-3 
months to gain an understanding of the temporal and spatial variation of SF6 in the 
subsurface. To illustrate the temporal changes that were observed in soil gas during the 
long-term release of SF6, the mass of SF6 beneath the house was estimated for each 
survey using five different estimation methods. SF6 concentrations in soil gas were 
multiplied by representative soil volumes and the results summed. Representative 
volumes for each indoor sampling location were determined by first dividing the house 
footprint into sub-region areas each containing a single sampling location. The vertical 
component of each volume was determined by treating the subsurface below the 
foundation as having 3 layers (0-46 cm, 46-137 cm and 137-183 cm BS). Additional 
details are provided in Appendix V. The concentration of SF6 in exterior soil gas 
sampling locations was often 1-3 orders-of-magnitude lower than the interior sampling 
locations, thus exterior results were not included in the mass estimation. 
Figure 4.5 presents the average SF6 mass estimate for ten separate synoptic soil 
gas surveys from 197 d < t < 623 d with error bars spanning the range of estimated 
values. During this period, the average SF6 mass estimate ranged from 0.03 to 1.07 g and 
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followed a similar seasonal pattern as was observed for the real-time monitoring of 
indoor air and soil gas concentrations.   
 
 
Figure 4.5. Average estimate mass of SF6 in soil gas below the study house from synoptic 
soil gas survey data with error bars spanning the range of estimated values for each event. 
 
Figures 4.6 and 4.7 show multi-depth soil gas concentration contour plots from 
the t = 329 d and t = 515 d sampling events, respectively. These two surveys show times 
when the estimated mass of SF6 in the subsurface was high and low. For the t = 329 d 
event (Figure 4.6), the estimated mass of SF6 in the subsurface was 0.75 g and for the t = 
515 d event (Figure 4.7) the estimated mass of SF6 in the subsurface was 0.03 g. The 30-d 
average indoor air SF6 concentration prior to the t = 329 d and t = 515 d events was 5705 
ppbv and 1801 ppbv, respectively. The multi-depth soil gas concentration contour plots 
further illustrate the temporal changes of SF6 in the subsurface and highlight some of the 
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spatial changes in SF6 distribution that were observed. Additional concentration contour 
plots, along with tabulated soil gas survey results, are shown in Appendix V. 
The indoor air and soil gas concentration data presented above demonstrate that 
indoor sources can lead to subsurface soil gas plumes and that the extent and mass of 
these plumes can change with time. 
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Figure 4.6. SF6 concentration contour plots for soil gas at depths of sub-slab (SS), 0.9 m 
BS, and 1.8 m BS from t = 329 d.  
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Figure 4.7. SF6 concentration contour plots for soil gas at depths of sub-slab (SS), 0.9 m 
BS, and 1.8 m BS from t = 515 d.  
 
 4.3.2 Indoor source introduction and removal tests. As discussed above, field 
studies were designed to simulate the removal of indoor sources that may occur during or 
prior to VI site investigations.  
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Figure 4.8 presents the SF6 concentration response in indoor air and soil gas at 
location 3 at SS and 0.9 m BS depths from 655 d < t < 695 d to the introduction and 
removal of SF6 in indoor air. It is evident that indoor air responded quickest to the release 
of SF6, with concentrations reaching over 3000 ppbv within 5 h of introduction. SS soil 
gas also responded relatively quickly, with concentrations reaching over 1000 ppbv in 
about 29 h. The concentration in soil gas at 0.9 m BS responded more slowly, requiring 
over 530 h to reach 1000 ppbv. Prior to stopping the SF6 release, the concentration of SF6 
in indoor air and soil gas at SS and 0.9 m BS depths were similar and within a factor of 
two. After stopping the release of SF6 on t = 680, indoor air and SS soil gas responded 
quickly with concentrations dropping to below 10 ppbv in less than 72 h and 96 h, 
respectively. As with the initial release, soil gas at 0.9 m BS responded more slowly, with 
concentrations remaining above 150 ppbv 360 h after halting the release of SF6.   
The above results were obtained while the land drain lateral was connected 
without restriction to the neighborhood land drain. As discussed above, the subsurface 
infrastructure was modified on t = 1072 d with the installation of a valve on the land 
drain lateral and additional indoor source removal testing was performed. Figure 4.9 
shows the results of indoor source removal on concentrations in indoor air and soil gas at 
SS and 0.9 m BS at location 3 from 1460 d < t < 1512 d. Similar to the results shown in 
Figure 4.8, prior to source removal (t = 1467 d) the concentrations of SF6 in indoor air 
and soil gas at both depths were within a factor of two. Upon stopping the release of SF6 
(t = 1467 d), indoor air concentrations dropped to near or below 10 ppbv within 72 h, 
similar to the previous case with the open land drain connection. In contrast, SS soil gas 
SF6 concentrations did not decrease below 10 ppbv until about 560 h after stopping the 
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indoor SF6 release. As before, concentrations of SF6 in soil gas at 0.9 m BS decreased 
slowest with concentrations falling below 100 ppbv after approximately 970 h. Near the 
end of the test, concentrations in SS soil gas again increased to above 10 ppbv, which may 
be indicative of contributions from deeper soil gas (i.e., 0.9 m BS soil gas). 
 
 
Figure 4.8. Instantaneous SF6 concentrations in indoor air and SS and 0.9 m BS soil gas 
at location 3 from 655 d < t < 695 d showing the results of introduction and removal of an 
indoor source. 
 
The differences observed in the removal testing from 655 d < t < 695 d and 1460 
d < t < 1512 d highlight the impact of the lateral pipe and land drain system on 
subsurface dynamics; however, they also reveal potential erroneous VI pathway 
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outcomes following indoor source removal at different sites. If sampling was performed 
24-72 h after indoor source removal, during either test, the paired indoor air and sub-slab 
results could be interpreted to be indicative of a subsurface VI source as the soil gas 
concentrations were greater than indoor air concentrations. Attenuation factors 
(Cindoor/Csoil-gas), representing possible outcomes from sampling following indoor source 
removal are plotted in Appendix V, Figure V.22.  The results from locations 2 and 6, 
which were monitored during both testing periods, are similar and are shown in Appendix 
V. 
 
 
Figure 4.9. Instantaneous SF6 concentrations in indoor air and sub slab (SS) and 0.9 m BS 
soil gas at location 3 from 1460 d < t < 1512 d showing the results of indoor source 
removal with the land drain lateral pipe valve closed. 
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4.3.4 Indoor source modeling studies. Modeling was performed using the three-
dimensional, multicomponent, numerical model developed by Abreu and Johnson (2005) 
and updated by Luo (2009). It was modified to include indoor source release to indoor air 
at a constant emission rate. 
The objective of these simulations was to examine if modeling would mimic the 
field results and possibly provide insight about indoor source removal under scenarios 
that are different from the field conditions. To do this, the simulation involved two time 
periods: (a) creation of the subsurface soil gas plume at a constant differential pressure 
between outdoor air and indoor air (i.e., disturbance pressure) for 720 h and (b) removal 
of the indoor source and continued monitoring at a constant disturbance pressure for 1440 
h.  Table 4.1 provides details of the four scenarios simulated. Input parameters used to 
run the simulations are shown in Appendix V. A plan view schematic of the model 
domain and foundation cracks is shown in Figure 4.10 and it includes the simulated 
sampling locations from which results are presented below.  
As shown in Table 4.1, the subsurface soil gas plume was generated at a 
disturbance pressure of -2 Pa (advective flow into the subsurface). Figure 4.11 shows the 
resulting subsurface soil gas plume after 720 h of indoor source release at contour depths 
of SS (0.15 m below building slab), 1 m BS, and 1.8 m BS.  Figure 4.11 shows that SF6 
soil gas concentrations at the end of the first model phase were greatest below the 
building foundation and along the perimeter crack. 
For the second part of the simulation, the indoor source was removed and a range 
of different disturbance pressures were selected to observe the effects of source removal 
under different building pressure under- and over-pressurization conditions. Figure 4.12 
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and 4.13 show the results for over- and under-pressurization simulations 1 and 4, 
respectively. The plots show SF6 concentrations in indoor air and soil gas at location A 
and B highlighted in Figure 4.10. For location A, soil gas is shown at SS (0.15 m below 
building slab) and 1 m BS. For location B, only SS soil gas is presented since 
concentrations at 1 m BS were within 10% of SS values. The results of the other 
simulations are presented in Appendix V.  
Figures 4.12 and 4.13 show similar outcomes following indoor source removal. For 
both simulations, indoor air concentrations decrease by over two orders-of-magnitude 
within 12 h of indoor source removal. Soil gas concentrations decrease faster for under-
pressurization simulation 4 (Figure 4.13); however, in both cases, SS concentrations take 
over 120 h to drop an order-of-magnitude and 1 m BS concentrations take over 240 h to 
drop an order-of-magnitude at location A. The soil gas results at location B are also 
similar for both simulations, but differ from those of location A with nearly uniform 
concentrations at each depth. The results at location B increase slowly for over 120 h 
before steadily decreasing. 
The simulation results for location A are most similar to the removal test results 
from the field studies. For example, prior to removal of the indoor source, SF6 
concentrations in indoor air and soil gas at location A were within a factor of two. After 
removal of the indoor source, SS soil gas concentrations decreased to levels below those 
of 1 m BS. The results from location B are quite different than the results from the field 
studies, but still indicate that indoor source-created soil gas plumes can remain in the 
subsurface for extensive periods after indoor source removal. The difference between 
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location A and B is related to their proximity to the crack; thus location B sees 
significantly less advective flow than location A.  
  
1
2
2
 
Table 4.1 
Summary of indoor source modeling scenarios. 
 
 
 
  Creation of Subsurface Soil Gas Plume Removal of Indoor Source 
Simulation 
# 
Indoor source* 
emission rate [g/s] 
Disturbance pressure 
(P
outdoor
-P
indoor
) [Pa] 
Simulation 
time [h] 
Disturbance pressure 
(P
outdoor
-P
indoor
) [Pa] 
Simulation 
time [h] 
1 4.00E-04 -2 720 -2 1440 
2 4.00E-04 -2 720 2 1440 
3 4.00E-04 -2 720 5 1440 
4 4.00E-04 -2 720 10 1440 
*Chemical-specific properties of sulfur hexafluoride (SF6) were used in simulations 
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Figure 4.10.  Plan view schematic of model domain, including sampling locations. 
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Figure 4.11. Contour plots of simulated SF6 soil gas concentrations at depths of sub-slab 
(SS), 1 m BS, and 1.8 m BS following 720 h of indoor source release with a -2 Pa over-
pressurization condition. 
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Figure 4.12. Simulation 1 (over-pressurization following indoor source release stop) 
results showing SF6 concentrations in indoor air and soil gas at sub-slab (SS) and 1 m BS 
depths at locations A and B following indoor source removal. 
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Figure 4.13. Simulation 4 (under-pressurization following indoor source release stop) 
results showing SF6 concentrations in indoor air and soil gas at sub-slab (SS) and 1 m BS 
depths at locations A and B following indoor source removal. 
  
4.3.5 Implications for pathway assessment. The study results presented above 
demonstrate that indoor sources can cause subsurface vapor clouds and that the spatial 
extent and mass in those clouds vary temporally. The results also show that subsurface 
vapor clouds from indoor sources can impact soil gas below SS sampling points. 
The field and modeling results covering indoor source removal demonstrate that 
the recommended 24-72 h waiting period after removal is inadequate. Under both field 
and modeling studies, SF6 remained in SS and deeper soil gas for over 72 h; however, 
concentrations of SF6 in indoor air fell over two orders-of-magnitude during the same 
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period. These results suggest that the waiting period for indoor air sampling after indoor 
source removal should be 72 h or greater. For soil gas sampling, significantly longer 
waiting periods are likely necessary.  
The field and modeling studies discussed here cover a simplified scenario, where 
only an indoor source is present. The addition of subsurface sources of the same 
chemical, a scenario not uncommon for VI site investigations, could make data 
interpretation even more difficult. Going forward, practitioners should consider allowing 
longer waiting periods before sampling is performed. When indoor sources cannot be 
removed or can only be removed for a limited time, practitioners should consider 
alternate investigation strategies, such as use of CPM to help distinguish between 
contaminant sources. 
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CHAPTER 5 
LONG-TERM EVALUATION OF THE CONTROLLED PRESSURE METHOD 
FOR ASSESSMENT OF THE VAPOR INTRUSION PATHWAY 
Text adapted from, “Long-Term Evaluation of the Controlled Pressure Method for 
Assessment of the Vapor Intrusion Pathway” with associated supporting information 
(Holton et al., 2015).  
 
5.0 ABSTRACT 
Vapor intrusion (VI) investigations often require sampling of indoor air for evaluating 
occupant risks, but can be confounded by temporal variability and the presence of indoor 
sources. Controlled pressure methods (CPM) have been proposed as an alternative, but 
temporal variability of CPM results and whether they are indicative of impacts under 
natural conditions have not been rigorously investigated.  This study is the first involving 
a long-term CPM test at a house having a multi-year high temporal resolution indoor air 
data set under natural conditions.   Key observations include: a) CPM results exhibited 
low temporal variability, b) false-negative results were not obtained, c) the indoor air 
concentrations were similar to the maximum concentrations under natural conditions, and 
d) results exceeded long-term average concentrations and emission rates under natural 
conditions by one to two orders of magnitude.  Thus, the CPM results were a reliable 
indicator of VI occurrence and worst-case exposure regardless of day or time of year of 
the CPM test. 
 130 
5.1 INTRODUCTION 
At sites where volatile organic compounds (VOCs) are found in the subsurface, 
VOCs might migrate to the indoor air of overlying buildings. This vapor intrusion (VI) 
can pose health risks to building occupants. Over the past decade, guidance documents 
for VI pathway assessment have been promulgated by various groups (USEPA, 2002; 
USEPA, 2012a; DOD, 2009; MDEP, 2011; CDTSC, 2011; API, 2005; ITRC, 2007). 
While these vary in their recommendations, they favor a multiple-lines-of-evidence 
approach (MLE), similar to that in the United States Environmental Protection Agency 
(USEPA) (2002, 2012a) and Interstate Technology and Regulatory Council (ITRC) 
(2007) guidance. The MLE generally involves the collection of groundwater, soil gas, 
and indoor air for chemical analyses and screening-level or more complex transport 
modeling. Indoor air sampling results are often the most heavily weighted in decision-
making as they are a measure of indoor exposure and are of the greatest interest to 
occupants and the public.  
One issue with relying on indoor air sampling is that it can be confounded by 
temporal variability and indoor sources (Gorder and Dettenmaier, 2011; McHugh et al., 
2012a; Beckley et al., 2014). Temporal variability ranging from less than order-of-
magnitude to several orders of magnitude has been reported (Folkes et al., 2009; USEPA, 
2012c, Holton et al., 2013). Folkes et al. (2009) report variations of about 2X in a 
decades-long monthly-sampling data set, while USEPA (2012c) report indoor PCE 
concentrations varying by over two orders of magnitude in weekly monitoring conducted 
over a one-year period at a duplex. Holton et al. (2013) performed a study that included 
monitoring in a house for 2.5 years at 2 – 4 hour intervals; the indoor air TCE 
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concentrations varied by three orders of magnitude within periods of days and weeks. 
Their data were used to project outcomes of common sampling strategies and they 
concluded that mischaracterization of occurrence and magnitude of VI exposure was 
likely at homes with VI behavior like the one studied.  
Other MLE components are also subject to variability with time and location.  For 
example, spatial and temporal variability in sub-slab soil gas concentrations can also be 
an order-of-magnitude or more (Folkes et al., 2009; USEPA, 2006; Luo et al., 2009). 
Variability associated with MLE components often hinders decision-making and in some 
cases drives numerous sampling efforts that fail to result in definitive exposure 
characterization. As more is learned about MLE data variability and difficulties with 
decision-making due to this issue, it is becoming clear that additional VI pathway 
assessment methods are needed.  New approaches need to be robust and lead to 
consistent results that are not sensitive to the timing of the assessment or sampling 
location. 
Temporal variability in indoor air and sub-slab soil gas concentrations is often 
attributed to temporal variability in indoor-outdoor and indoor-subsurface pressure 
differentials.  These can vary by about 1 - 10 Pa for residential buildings (Nazaroff et al., 
1985a, Nazaroff et al., 1987) and can be influenced by wind, indoor-outdoor temperature 
differences, and ambient pressure changes. Therefore, some have proposed what we refer 
to as “controlled pressure methods” (CPM) that manipulate indoor-outdoor pressure 
conditions over short time periods to either induce or suppress VI; examples include the 
pressure mapping and tracer testing method applied by Nazaroff et al. (17), and the 
procedure applied by McHugh et al. (2012a) and Beckley et al. (2014). McHugh et al. 
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(2012a) used box fans to direct air flow into and out of buildings to create over-
pressurized and under-pressurized conditions, and data were collected to calculate VOC 
mass discharge rates and discriminate between indoor source release, outdoor vapor 
intrusion, and subsurface vapor intrusion.   
The CPM is of interest because it can be completed within a day or two and the 
soil gas sample collection below the foundation of a building that is often disruptive to 
building occupants is not required. Furthermore, it is likely less expensive than VI 
assessment approaches that require multiple rounds of sampling (McHugh et al., 2012b). 
There are, however, questions that still need to be answered before practitioners have 
confidence that CPM testing consistently leads to accurate VI pathway assessment 
decisions.  For example: a) are CPM results significantly different from day to day or 
season to season?; b) can CPM results be used to accurately assess chronic (multi-year) 
and acute (multi-week) exposures?; and c) are CPM results dependent on the specific 
operating conditions, such as pressure differential, so that different practitioners might 
obtain different results?  
To answer the key questions above, long-term CPM monitoring data sets are 
needed from sites where long-term monitoring data are also available under natural 
conditions.  The goal of this study was to collect a comprehensive data set of that type, 
with a focus on answering questions (a) and (b) above. To gain insight into the behavior 
of different sources under CPM conditions and because radon monitoring is often 
discussed as a surrogate for chemical VI monitoring, both chlorinated hydrocarbons 
(CHCs) and radon were monitored in this study. 
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5.2 EXPERIMENTAL DESIGN 
5.2.1 Conceptual design of CPM long-term test and data reduction. Figure 5.1 
presents a conceptual schematic of the CPM test.  Blowers exhausting from the living 
space are used to control building under-pressurization, which is measured relative to 
outdoor air and sub-slab soil gas.   The under-pressurization is large enough that the 
building is constantly under-pressurized at a fairly stable level during the test, even with 
temporal fluctuations induced by wind and temperature, ideally with variations <25%. 
 
   
Figure 5.1. Controlled pressure method (CPM) long-term test schematic. 
 
 134 
A steady-state mass balance for indoor concentrations, assuming negligible 
reactions and well-mixed indoor air, is: 
 Ein = Eout = Cin x QB                                                                                               (1) 
 Ein and Eout are the chemical emission rates 
respectively, Cin 
3
], and QB is the total flowrate of 
indoor air leaving the building [m
3
/d]. This equation can be rearranged to determine QB 
when a tracer is released to indoor air at a constant known flowrate Qtracer [m
3
/d] and 
concentration C
o
tracer, and the resulting indoor tracer concentration Ctracer is measured, as 
Ein = Qtracer x C
o
tracer under these conditions, and: 
QB = Qtracer x (C
o
tracer/Ctracer)                                                                                  (2) 
Thus, the chemical emission rate into the house can be determined: 
Ein = Cin x Qtracer x (C
o
tracer/Ctracer)                                                                          (3) 
In our study Cin and Ctracer are measured at the blower exhaust and are assumed 
representative of concentrations anywhere air leaves the building. 
5.2.2 Study house. The two-story study house has a footprint of approximately 85 
m
2
 (915 ft
2
). It sits on a southern-facing slope with an elevation drop of about 2.5 m from 
back to front across the property. The sub-foundation zone drains to a neighborhood land 
drain system running across the southern property boundary through a lateral pipe 
connecting the two (see Figure 5.S1 in Supporting Information). A house photo appears 
in Holton et al. (2013). This house was used by McHugh et al. (2012a) for two short-term 
proof-of-concept CPM tests. 
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The house sits above a dilute chlorinated solvent-impacted groundwater plume 
containing 1,1,1-trichloroethane, trichloroethylene (TCE), and associated degradation 
daughter products (e.g., 1,1-dichloroethylene). TCE concentrations are presented here 
and are representative of all chlorinated compounds monitored at the site. Groundwater 
TCE concentrations beneath the building ranged from approximately 10-50 μg/L over 
four years of study, with the average of 24 ± 9 μg/L. Radon concentrations in soil gas 
collected from depths 1 m and greater below slab averaged 1490 ± 390 pCi/L. 
Groundwater concentration and depth vs. time are presented in Supporting Information 
Figure 5.S2. 
5.2.3 Phase I and Phase II overview. The data below come from two study 
phases. Phase I was about 2.5 years long (-179 d <t <740 d) and involved monitoring 
under natural conditions (Holton et al. (2013)). Phase II involved monitoring under CPM 
conditions for about a year, starting at t=765 d. Testing took place in preparation for 
Phase II during 741 d < t < 764 d. Phase I and Phase II results are presented on a timeline 
consistent with results in Holton et al. (2013).  
5.2.4 CPM test equipment and methods. Two identical dual-speed blowers 
were installed in an upstairs closet and exhausted into the attic, which vents to the 
atmosphere. The blower mount was sealed between the closet and attic space, and the 
outlet of the inoperative blower was sealed when only one blower was operating. The 
manufacturer rated flowrates of 15.6 (low speed) and 22.7 m
3
/min (high speed) (550 and 
800 SCFM) at zero discharge pressure allow for four possible flowrates with two 
blowers. One blower was used in this study, except on t=807 d when inadvertent 
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operation of both blowers occurred. On t = 1046 d, the blower setting was changed to low 
speed to observe effects of operating with a lower pressure differential.  
SF6 tracer gas was released at 5 mL/min using a 0-10 mL/min mass flow 
controller in the lower level living space 2 m above the floor in the farthest corner from 
the stairwell to allow for maximum mixing downstairs before being drawn upstairs 
(location shown in Supporting Information Figure 5.S3). 
TCE concentrations in air samples were quantified using two methods: (a) 12 L 
samples collected over 4 h at steady flow on multi-bed sorbent tubes analyzed by thermal 
desorption and GC/MS, and (b) 100 mL samples collected over 2 min at steady flow 
every 40 min on a sorbent tube and analyzed by a gas chromatograph (GC) equipped with 
an electron capture detector (ECD). Details of method (a) are in Holton et al. (2013).  For 
the GC/ECD analyses, samples were pulled through a sorbent tube trap by a vacuum 
pump and a vacuum-configured 0-100 mL/min mass flow controller at 50 mL/min. 
Sorbent tubes were packed with Tenax-GR and Carboxen-569. Once sample collection 
was complete, the sorbent tube was heated to 240°C and held for 2 min to desorb the 
sample prior to injection onto a 60-m MXT-5 capillary column held at 40°C. The column 
was heated from 40°C to 220°C at 10°C/min for sample release into the ECD cell.  
Calibration of the GC/ECD occurred every 1-3 months, at the beginning and end of on-
site synoptic soil gas surveys. The method detection limit (MDL) for TCE is 0.009 ppbv 
(0.05 μg/m3).  
Quantification of SF6 concentrations involved collecting samples every 30 
minutes using an SRI 10-stream gas sampling valve connected to a GC with a dual-mode 
pulse-discharge detector (PDD) (Model D-2, Valco Instruments Co. Inc., Houston, TX) 
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running in electron capture (EC) mode. Air samples were pulled through a 1-mL loop 
using a vacuum pump and a vacuum-configured, 0-100 mL/min mass flow controller. 
The calculated SF6 MDL for this instrument as configured was 1.0 ppbv.  Instrument 
calibration occurred at the beginning and end of on-site synoptic surveys, and one port of 
the 10-stream gas sampling valve was connected to a 10 L FlexFoil bag (SKC 262-10) 
containing a 500 ppbv SF6 standard for more frequent calibration starting at about t = 
279d.  
A Durridge RAD7 (Durridge Company, Inc., Billerica, MA) was used to quantify 
radon concentrations. It was configured to sample continuously and report concentrations 
representative of 2 h intervals. Indoor air was sampled exclusively early in Phase II; later 
in the study (t = 1017 d), samples were collected on an alternating schedule from both 
indoor air and the blower exhaust.  The time-average results from both locations agreed 
to within 5%. The RAD7 is calibrated by the manufacturer on an annual basis and the 
manufacturer-stated accuracy is ±5% or better with a 0.5 pCi/L lower confidence level.  
Differential pressures between soil gas and indoor air and between outdoor air and 
indoor air were monitored using electronic differential pressure transducers (Model P300-
0.4”-D, Pace Scientific Inc., Mooresville, NC). Data were logged every 2 minutes using a 
data acquisition module (Model OMB-DAQ-56, Omega Engineering Inc., Stamford, CT). 
The pressure transducers were re-zeroed daily using an automated valve system.  
 
5.3 RESULTS AND DISCUSSION 
5.3.1 CPM test data and emissions.  For the time period 780 < t < 1045 d 
emphasized below, the mean 24-h average differential pressure was 11 ± 4 Pa for the 
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outdoor to indoor air measurement and 5.2 ± 0.8 Pa for the sub-slab to indoor air 
measurement at location 5 (location shown in Supporting Information Figure 5.S3). Both 
are indicative of advective flow into the building. The 24-h averaged differential 
pressures measured between outdoor and indoor air and between sub-slab soil gas at 
location 5 and indoor air are presented in Supporting Information Figure 5.S4. Location 5 
results are representative of other indoor living space sub-slab monitoring locations.  The 
range in values across each 24-h period was on average 4.4 Pa for the indoor-outdoor 
measurement and 1.3 Pa for the sub-slab to indoor air measurement, using the 10
th
 and 
90
th
 percentile values of the data from each 24-h period to define the range. The greater 
daily variation in differential pressures between outdoor and indoor air reflects occasional 
wind effects on the open-ended tubing running outdoor from one port of the differential 
pressure sensor; it was noted that the largest differentials correlate with increased wind 
speed.  
Figure 5.2 presents CPM test TCE and radon indoor concentrations and building 
flow rates QB calculated using equation (2)  Daily average values are plotted with error 
bars spanning the maximum and minimum real-time values in each day. For 780 < t < 
1045 d, the mean 24-h average values are 9.3 ± 1.8 μg/m3 for TCE, 5.0 ± 1.1 pCi/L for 
radon, and 15 ± 3 m
3
/min for QB. The latter was relatively stable, with an average daily 
variability of 28% and an average value that was about 66% of the blower manufacturer’s 
flow rate specification.  
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Figure 5.2. Daily average indoor air TCE and radon concentrations and building flow rate 
values with error bars spanning the maximum and minimum real-time values for each 
day during CPM testing.  
 
The data and equation (3) were used to calculate real-time emission rates.  
Because the TCE, radon, and SF6 samples are not collected at exactly the same time or 
frequency, the SF6 sample closest in time to each TCE and radon concentration was used, 
provided it was within 0.5 d. The real-time emission results were then processed to 
produce the 24-h average values presented in Figure 5.3.  As in Figure 5.2, error bars 
span the daily maximum and minimum real-time values. The emission rate is not a metric 
currently used in VI pathway assessment; however, comparison of emission rates under 
CPM and natural conditions is of interest in assessing how CPM tests alter VI behavior. 
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Figure 5.3. Daily average emission rates of TCE and radon with error bars spanning the 
maximum and minimum real-time values during CPM testing.  
 
5.3.2 Time dependence of CPM test results. As discussed above, there is 
interest in determining if CPM results are temporally variable day-to-day or season-to-
season. Tables 5.1 and 5.2 summarize characteristics of the concentrations and emission 
rate data, respectively, for the 780 < t < 1045 d period spanning Fall, Winter, and Spring 
seasons and the beginning of Summer. In these analyses and in Figures 5.2–5.4, seasons 
start September 22
nd
 (Fall), December 21
st
 (Winter), March 20
th
 (Spring), and June 21
st
 
(Summer). Meteorological conditions for this period, including daily precipitation, daily 
average wind speed, and maximum and minimum daily temperature, are shown in 
Figures 5.S5–5.S7 in Supporting Information; these show the wide range of conditions 
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experienced during the test period. Tables 5.1 and 5.2 include quantities of interest for 
both the real-time and processed 24-h average data sets because practitioners might 
consider CPM test durations from 2-24 h, and there is interest in assessing whether or not 
there are significant differences between instantaneous and time-weighted sampling 
results.  
Overall, the results indicate that the TCE and radon concentrations and emission 
rates were relatively consistent with time, both across the 265 d duration of the single-
blower/high-speed test and within individual 24-h periods, especially in comparison to 
the multiple orders of magnitude temporal variability reported by Holton et al. (2013) for 
the test home under natural conditions.  For example, with respect to indoor 
concentrations: a) the maximum 24-h average TCE concentration (12 μg/m3) is only 2X 
greater than the minimum value (6.0 μg/m3), and both are within about ±30% of the mean 
value (9.3 μg/m3), b) the maximum (14 μg/m3) real-time TCE concentration is about 3X 
the minimum real-time value (5.1 μg/m3) and both are within about 50% of the mean 
real-time emission rate, and c) 80% of all real-time and 24-h average TCE concentrations 
are within about ±50% of their respective mean values.  Similar results are observed for 
radon in that 80% of all real-time and 24-h average concentrations are within about ±30% 
of their respective mean values, but there is a larger spread between maximum and 
minimum concentrations (about 5X for the 24-h average values and about 10X for the 
real-time data). 
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Table 5.1 
Characteristics of indoor air concentration data sets under natural and controlled pressure 
method (CPM) conditions. 
Condition 
Concentrations 
TCE [μg/m3] Radon [pCi/L] 
Natural 
Conditions* 
(128 to 730 d) 
CPM 
[single 
blower/high 
speed] 
(780 to 1045 d) 
Natural 
Conditions 
(170 to 673 d) 
CPM 
[single 
blower/high 
speed] 
(780 to 1045 d) 
 
Using 
Real-
Time 
Data 
Using 
Daily 
Avg’d 
Data 
Using 
Real-
Time 
Data 
Using 
Daily 
Avg’d 
Data 
Using 
Real-
Time 
Data 
Using 
Daily 
Avg’d 
Data 
Using 
Real-
Time 
Data 
Using 
Daily 
Avg’d 
Data 
Mean 0.36 0.35 9.3 9.3 0.44 0.45 5.1 5.0 
Standard 
Deviation 
2.0 1.0 1.8 1.8 0.28 0.20 1.3 1.1 
Median 0.056 0.068 9.3 9.1 0.38 0.39 5.0 4.8 
Maximum 57 13 14 12 4.9 1.9 12 8.2 
Minimum <0.04 <0.04 5.1 6.0 <0.25 <0.25 1.1 1.7 
90
th
 
Percentile 
0.77 0.81 12 12 0.70 0.68 6.7 6.3 
10
th
 
Percentile 
0.016 0.018 7.0 6.9 <0.25 0.28 3.6 3.7 
 
Analysis of Real-
Time Concentrations 
Within Each Day 
TCE [μg/m3] Radon [pCi/L] 
CPM 
[single blower/high speed] 
(780 to 1045 d) 
CPM 
[single blower/high speed] 
(780 to 1045 d) 
Mean Median Max 90
th
 % Mean Median Max 90
th
 % 
Max/Min Value for a 
Given Day Across 
All Sampling Days 
1.2 1.2 1.8 1.0 1.7 1.6 3.6 2.2 
(Max-Min)/Mean 
Value for a Given 
Day Across All 
Sampling Days 
0.18 0.16 0.67 0.31 0.48 0.43 1.3 0.80 
* using only thermal desorption tube data 
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Table 5.2 
Characteristics of emission rate data sets under natural and controlled pressure method 
(CPM) conditions. 
Condition 
Emission Rates 
TCE [g/d] Radon [Ci/d] 
Natural Conditions* 
(128 to 730 d) 
CPM 
[single 
blower/high 
speed] 
(780 to 1045 
d) 
Natural Conditions 
(170 to 673 d) 
CPM 
[single 
blower/high 
speed] 
(780 to 1045 
d) 
 
Using 
Real-
Time 
Data 
Using 
Daily 
Avg’d 
Data 
Usin
g 
Real-
Time 
Data 
Usin
g 
Daily 
Avg’
d 
Data 
Using 
Real-
Time 
Data 
Using 
Daily 
Avg’d 
Data 
Usin
g 
Real-
Time 
Data 
Usin
g 
Daily 
Avg’
d 
Data 
Mean 2.8x10
-3
 2.6x10
-3
 0.18 0.18 2.2x10
-3
 2.2x10
-3
 0.10 0.099 
Standard 
Deviation 
1.4x10
-2
 6.9x10
-3
 0.05 0.05 1.8x10
-3
 2.4x10
-3
 0.032 0.028 
Median 3.6x10
-4
 3.9x10
-4
 0.17 0.17 1.8x10
-3
 1.6x10
-3
 0.099 0.098 
Maximum 3.2x10
-1
 6.2x10
-2
 0.39 0.29 4.1x10
-2
 1.3x10
-2
 0.26 0.19 
Minimum <10
-4
 <10
-4
 0.06 0.09 <10
-3
 <10
-3
 0.019 0.031 
90
th
 
Percentile 
6.6x10
-3
 6.5x10
-3
 0.26 0.26 4.2x10
-3
 4.1x10
-3
 0.14 0.13 
10
th
 
Percentile 
<10
-4
 <10
-4
 0.12 0.12 <10
-3
 <10
-3
 0.063 0.062 
 
Analysis of Real-
Time Emission Rates 
Within Each Day 
TCE [g/d] Radon [Ci/d] 
CPM 
[single blower/high speed] 
(780 to 1045 d) 
CPM 
[single blower/high speed] 
(780 to 1045 d) 
Mean Median Max 90
th
 % Mean Median Max 90
th
 % 
Max/Min Value for a 
Given Day Across 
All Sampling Days 
1.4 1.4 2.2 1.7 1.8 1.7 4.5 2.4 
(Max-Min)/Mean 
Value for a Given 
Day Across All 
Sampling Days 
0.32 0.32 0.94 0.52 0.55 0.50 1.5 0.88 
* using only thermal desorption tube data 
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As the results in Table 5.2 show, emission rates were also relatively consistent 
with time.  The maximum 24-h average TCE emission rate is only about 3X greater than 
the minimum value and both are within about ±50% of the mean value, the maximum 
real-time TCE emission rate is about 6X the minimum real-time value, and 80% of all 
real-time and 24-h average TCE concentrations are within about ±50% of their respective 
mean values.  
The significance of temporal variations within 24-h periods was assessed by 
looking at the ratios of maximum/minimum real-time values and (maximum – 
minimum)/24-h average values for each day.  The former averages 1.2 and 1.7 for TCE 
and radon concentrations and 1.4 and 1.8 for TCE and radon emission rates, respectively.  
The latter averages 18% and 48% for TCE and radon concentrations and 32% and 55% 
for TCE and radon emission rates, respectively.  This shows strong consistency in CPM 
results across 24-h time periods, with most daily variations between minimum and 
maximum values being less than about 2X. 
The observation that CPM test results were similar from day-to-day and season-
to-season over 265 d is significant.  To the extent that these results are representative of 
other houses, the implication is that CPM tests only need to be conducted once per 
building and that selection of the test date (e.g. heating vs. cooling season) is not critical.  
5.3.3 Extent to which CPM tests can be used to anticipate VI impacts under 
natural conditions. Having established that CPM results at the test house are relatively 
insensitive to date and time of testing, we next assess the extent to which CPM tests can 
be used to anticipate VI impacts under natural conditions. To do so, the 128 < t < 730 d 
TCE thermal desorption concentration data and SF6 results presented in Holton et al. 
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(2013) as well as unpublished radon data collected in that time period were used to 
calculate TCE and radon emissions under natural conditions (Figure 5.4). Relevant 
statistical characteristics of concentrations and emission rates under both natural and 
CPM conditions are summarized in Tables 5.1 and 5.2.  
 
 
Figure 5.4. Daily average emission rates of TCE and radon with error bars spanning the 
maximum and minimum real-time values during natural conditions. 
 
Three key conclusions with significance to VI pathway assessment can be drawn 
from a comparison of the results from natural and CPM conditions. The first key 
conclusion from review of Tables 5.1 and 5.2 and Figures 5.3 and 5.4 is that CPM test 
results are comparable to or show higher emission rates and concentrations than worst-
case results obtained under natural conditions.  For example, the mean 24-h average CPM 
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TCE concentration is similar to the maximum 24-h average TCE concentration under 
natural conditions (9.3 vs. 13 μg/m3, respectively).  The same holds true for radon 
concentrations (5 vs. 1.9 pCi/L) and TCE emissions (0.18 vs. 0.062 g/d).  The mean 24-h 
average radon emission rate under CPM conditions, 0.099 Ci/d, is about an order of 
magnitude greater than the 0.013 Ci/d maximum 24-h average emission rate under 
natural conditions. The difference in behavior of TCE and radon under CPM and natural 
conditions observed here is possibly due to different transport pathways to indoor air, 
which is an ongoing focus of our study.  
The second key conclusion is that CPM testing did not result in false-negative 
outcomes, unlike sampling under natural conditions at this house. For example, 44% of 
the 24-h average indoor TCE concentrations reported by Holton et al. (2013) were less 
than the MDL. Holton et al. used these data and examined the outcomes of two different 
multi-sample and multi-season indoor air sampling schemes combined with a range of 
decision-making rubrics and showed that the probability of false-negative conclusions 
regarding vapor intrusion occurrence at the study house ranged from about 10% to 100%.  
In contrast, 100% of CPM testing results indicate vapor intrusion occurrence with the 
minimum concentration and emission rate detected being within 50% of their respective 
long-term mean values. Additional work is needed to determine if there is potential for 
false-positives at homes that overlie contamination but would not have VI impacts under 
natural conditions. 
The third key conclusion is that CPM concentrations and emissions exceed long-
term mean concentrations and emissions under natural conditions by at least an order of 
magnitude; therefore, CPM results over-estimate the long-term average exposure from 
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vapor intrusion at the study house.  For example, the mean 24-h average TCE CPM 
concentration (9.3 μg/m3) is about 27X greater than the long-term mean 24-h average 
value under natural conditions (0.35 μg/m3), the mean 24-h average radon CPM 
concentration (5.0 pCi/L) is about 11X greater than the long-term mean 24-h average 
value (0.45 pCi/L), and the mean 24-h average TCE CPM emission rate (0.18 g/d) is 
about 69X greater than the long-term mean 24-h average value under natural conditions 
(0.0026 g/d). The tendency of CPM toward over-prediction is not unexpected as the 
house is being artificially held in a state of constant under-pressurization while the 
pressure differential fluctuates in both intensity and direction under natural conditions 
including states of over-pressurization.  
There is no known correlation between the maximum indoor concentration and 
the long-term average concentration.  That relationship is likely building-specific and 
dependent on a number of factors that are not fully understood. However, the key 
conclusions from this study and from others (McHugh et al., 2012a; Beckley et al., 2014) 
suggest that CPM testing could be used to conduct quick conservative screening for VI 
potential with a yes/no result. Buildings where the maximum concentrations of target 
analytes fall below screening levels could reasonably be considered to not require further 
investigation unless conditions significantly change. Buildings where the maximum 
concentrations of target analytes are above the screening levels may require additional 
monitoring (e.g. indoor air, differential pressure) to fully assess the long-term risk. In 
some cases, these buildings may be good candidates for preemptive mitigation knowing 
that VI is a potential concern.   
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5.3.4 Need for tracer gas use in CPM testing. There are costs associated with 
this CPM test component and many practitioners do not have the experience or 
equipment to conduct this aspect of a CPM test. Thus, future work should address the 
question “Are tracers necessary to attain results sufficient for risk management?" CPM 
testing increases the driving force for VI (building under-pressurization) and building air 
exchange rate relative to long-term averages under natural conditions.  The former can 
lead to increased VI impact, while the latter leads to increased indoor air dilution and 
lower VI impact.  Controlled tracer gas release and monitoring can be used to assess the 
increase in building air exchange rate under CPM conditions vs. natural conditions and it 
can also be used to convert indoor air concentrations to emission rates as performed 
above in this work.  
It is likely that some will consider converting CPM concentrations to 
concentrations under natural conditions through consideration of building air flowrate 
differences between natural and CPM conditions; for example, the following linear 
approximation might be used:   
C (natural condition projection) [μg/m3]  = C (CPM condition) [μg/m3] x QB 
(CPM condition) / QB (natural condition estimate or measurement)              (4) 
In this study, there was about a 4X increase in the mean 24-h average QB value 
between natural conditions, 3.6 ± 8 m
3
/min (128<t<730 d), and the long-term CPM test, 
15 ± 3 m
3
/min.  This QB information, the mean 24-h average CPM TCE and radon 
concentrations, and equation (4) leads to the projected concentrations 39 μg/m3 for TCE 
and 21 pCi/L for radon.  Both values agree less with the maximum 24-h concentrations 
under natural conditions (13 μg/m3 for TCE and 1.9 pCi/L for radon) than do the mean 
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24-h concentrations under CPM conditions (9.3 μg/m3 for TCE and 5.0 pCi/L for radon).  
Thus it appears that there are compensating effects of increased VI emission and 
increased dilution at the study house. Additional comparison at other study sites is needed 
to reach a definitive conclusion on the value of tracer delivery and measurement. 
5.3.5 Relationship of CPM test results to operating conditions. Reaching a 
consensus on CPM operating conditions and duration is important for all to have 
confidence in CPM tests. The sensitivity of CPM results to operating conditions was not 
investigated in our study. The exhaust blower speed was reduced for a brief period 
1045<t<1067 d, during which the 24-h average indoor-outdoor pressure differential 
decreased from 11 Pa to 8 Pa, QB decreased from 15 to 9 m
3
/min, the mean 24-h average 
indoor TCE concentration decreased from 9.3 to 8.3 μg/m3, the mean 24-h average TCE 
emission rate decreased from 0.18 to 0.09 g/d, the mean 24-h average indoor radon 
concentration decreased from 5.0 to 2.3 pCi/L, and the mean 24-h average radon 
emission rate decreased from 0.099 to 0.025 Ci/d.   
Other information relevant to this discussion is reported in McHugh et al. (2012a).  
They conducted a short-term CPM test in our study house and reported 5 – 6 Pa indoor-
outdoor pressure differential (about half of our study), 9.5 μg/m3 spatial mean TCE 
concentration vs. the 9.3 μg/m3 temporal mean in our study, and about 2 pCi/L radon vs. 
the 5.0 pCi/L in our study.  Their reported QB value (about 5 m
3
/min) was about one-third 
of the value in our study.  Thus, for the limited range of conditions applied, CPM results 
were dependent on operating conditions, with indoor air impacts increasing with 
increased under-pressurization.  
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5.3.6 Answers to key questions raised in the introduction. At this study house 
the CPM results were relatively constant with time, they anticipated the maximum indoor 
concentrations under natural conditions, and the probability of detecting VI occurrence 
was significantly greater than indoor air sampling under natural conditions.  CPM results 
exceeded long-term average conditions by one to two orders of magnitude. If 
representative of other buildings, then the implication for practice is that CPM testing 
could be used at any time of the year to conduct quick screening for worst-case VI 
potential with a yes/no result.  Additional work is needed to determine if CPM results are 
dependent on operating conditions, if tracer testing is a necessary component of CPM 
testing, if CPM tests can result in false-negatives under different circumstances, and if 
long-term average exposures can be predicted from CPM test results.  
This work was conducted at a chlorinated hydrocarbon-impacted site and, while 
CPM testing has been applied at a petroleum hydrocarbon (PHC) site (Beckley et al., 
2014), it is unknown if the conclusions above extend to PHC-impacted sites.  
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5.4 SUPPORTING INFORMATION 
 
 
Figure 5.S1. (a) Schematic showing the location of the lateral pipe and land drain system 
relative to the front of the study house; photos (b) of the excavation process to uncover 
the lateral pipe and (c) the lateral pipe. 
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Figure 5.S2. Average TCE concentration of groundwater samples collected below the 
building foundation at 2.7 m (9 ft) below-slab (BS) and groundwater depth below slab at 
GW3. 
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Figure 5.S3. Schematic of building footprint and sampling locations. 
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Figure 5.S4. 24-h average differential pressure values between indoor air and outdoor air, 
and indoor air and sub-slab soil gas at location 5, with error bars spanning the 90
th
 and 
10
th
 percentile of the daily data sets. 
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Figure 5.S5. Daily precipitation values from the Ogden-Hinckley Airport weather station 
obtained from the National Oceanic and Atmospheric Administration’s National Climatic 
Data Center.  
 
 156 
 
Figure 5.S6. Average daily wind speed from the Ogden-Hinckley Airport weather station 
obtained from the National Oceanic and Atmospheric Administration’s National Climatic 
Data Center.  
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Figure 5.S7. Maximum and minimum daily temperature values from the Ogden-Hinckley 
Airport weather station obtained from the National Oceanic and Atmospheric 
Administration’s National Climatic Data Center. 
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CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
 
6.1 CONCLUSIONS 
The research presented in this dissertation focused on improving the current 
understanding of vapor intrusion (VI) and VI pathway assessment through long-term, 
high-frequency monitoring studies at a house overlying a dilute chlorinated solvent-
impacted groundwater plume. The objective of this work, as noted in Chapter 1, was to 
provide answers to the following questions: 
1. Do conventional low-frequency indoor air sampling schemes used in VI pathway 
assessment confidently identify VI occurrence and accurately characterize long-
term indoor air exposure? 
2. What level of temporal and spatial variability should be expected for the different 
lines of evidence (groundwater, deep soil gas, sub-slab soil gas, indoor air) 
commonly prescribed in multiple lines-of-evidence pathway assessment 
paradigms?  
3. Can indoor sources of chemicals create soil gas plumes? 
4. Are the currently recommended sampling suspension periods following indoor 
source removal long enough for indoor source impacts to dissipate and not 
confound decision-making?  
5. Can controlled pressure method (CPM) testing lead to more confident and 
accurate assessment of VI occurrence and exposure?   
6. Are CPM test results dependent on testing date or season? 
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Chapter 2 provides insight to question 1 and the indoor air component of question 
2. Monitoring of indoor air concentrations was performed on 2 – 4 h intervals over a 2.5 
year period. The resulting data set is the longest and highest-frequency monitoring record 
of anthropogenic VI impacts to indoor air. Temporal variability of indoor air TCE 
concentrations spanned 3 orders-of-magnitude (<0.01 – 10 ppbv) with both active and 
inactive periods. Active periods, which were prevalent in the late fall to early spring 
months, involved time-varying impacts with irregular periods of inactivity. In contrast, 
inactive periods were common in the late spring to early fall months and were 
characterized by long periods of inactivity with irregular jumps in concentration. The 
data set was used to evaluate three typical indoor air sampling schemes and revealed that 
typical indoor air sampling plans are likely to mischaracterize the occurrence and 
magnitude of VI exposure at houses like the study house.  As this data set is the first of its 
kind, similar studies need to be performed at other sites to test the robustness of current 
indoor air sampling schemes.  
Chapter 3 focuses on the soil gas and groundwater components of question 2. All 
groundwater and soil gas concentrations were monitored monthly and some in real-time 
over a 2 year period. This study was performed concurrently with the study of temporal 
variability of indoor air concentrations. In general, the results showed increasing 
temporal and spatial variability as the sampling point moves from vapor source depth to 
ground surface, with variability of an order-of-magnitude or more for sub-slab soil gas 
concentrations. The relative spatial and temporal consistency of shallow groundwater and 
deep soil gas concentrations suggests that they may be more reliable for use when 
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screening for potential VI impacts, provided that validated models or empirical 
relationships used for extrapolation are available. 
  Chapter 4 provides answers to questions 3 and 4. The approach for these studies 
was to release a tracer gas, sulfur hexafluoride (SF6), in the study house and then monitor 
it indoors and in the subsurface. Indoor air and soil gas were monitored for SF6 over a 
nearly 2 year period and the results showed that indoor chemical sources can cause sub-
slab soil gas plumes. SF6 concentrations in both indoor air and soil gas varied temporally, 
with indoor air seeing greater variation. Later in the study, tests were performed to 
simulate the removal of indoor sources, as that may occur during VI pathway assessment. 
The test results demonstrated that it may take several days to weeks for soil gas plumes 
caused by indoor sources to dissipate following indoor source removal. This finding 
shows the inadequacy of current guidance for waiting periods following indoor source 
removal. Supplemental modeling efforts supported the observations from the study site.   
Together, the results above have led to a new understanding of the limitations of 
the current VI pathway assessment paradigm and the need for alternate assessment 
approaches for more accurately and confidently assessing VI impacts. Chapter 5 provides 
insight on controlled pressure method (CPM) testing and answers to questions 5 and 6. 
The long-term CPM study provided the first-ever opportunity to compare CPM test 
results with indoor air concentrations and emissions from monitoring under natural 
conditions. The results showed that indoor air concentrations collected under 
depressurized conditions were relatively constant with time and that they were in close 
agreement with maximum indoor air concentrations under natural conditions. 
Furthermore, in contrast with monitoring under natural conditions, there were no false-
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negative results and the results were independent of the date and time of sampling.  In 
comparison to the long-term average concentration under natural conditions, CPM results 
were 1 – 2 orders-of-magnitude higher. This work showed that CPM testing may be used 
at any time of year to quickly assess worse-case VI potential. 
 
6.2 RECOMMENDATIONS FOR FUTURE WORK 
While this research has provided answers to key questions about current VI 
pathway assessment guidance, it has also raised a number of questions. These suggest 
needs for future research, including:  
 6.2.1 CPM testing. Further research on the utility of CPM testing for assessing 
VI impacts is necessary before it is fully accepted by decision-makers and incorporated in 
regulatory guidance. Additional work is needed in the areas discussed below. 
 CPM testing dependence on operating conditions: 
o This issue was discussed briefly in Chapter 5 (Holton et al., 2015). Only a 
limited range of conditions were applied during CPM testing, including 
the work by McHugh et al. (2012).  The results were dependent on the 
operating conditions, with indoor air impacts increasing with increased 
building depressurization. Research on the sensitivity of CPM results to 
operating conditions is needed if we are to ensure consistency of, and 
confidence in, results across test operators. 
 The need for tracer gas use in CPM testing 
o The value of tracer gas release during CPM tests was discussed in Chapter 
5. CPM testing increases the air exchange rate and subsurface vapor entry 
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rate, thus using a tracer to determine the amount of dilution that occurs 
may be beneficial when evaluating risks. In this work, there were 
compensating effects of increased dilution and vapor entry rate at the 
study house. Tracer gas release is necessary to convert indoor air 
concentrations to emission rates as was performed in Chapter 5 (Holton et 
al., 2015). It, however, increases the cost of the CPM test and requires 
specialized equipment that many environmental contractors are not 
familiar with.  Thus, the need for and value of the tracer gas release and 
monitoring in VI pathway decision-making needs to be assessed. 
 The duration of CPM testing needed to collect reliable data for pathway 
assessment should be evaluated: 
o Similar to reaching a consensus on CPM operating conditions, it is also 
important to determine the minimum duration needed to run CPM tests for 
practitioners and decision-makers to have confidence in the results. Tracer 
tests and modeling studies designed to determine the time needed to reach 
steady vapor entry would provide some insight to this issue. 
 The utility of CPM testing at petroleum hydrocarbon (PHC) impacted sites: 
o Long-term testing, including monitoring of indoor air concentrations and 
emission rates under natural and CPM testing conditions, is necessary to 
determine if CPM tests are appropriate at PHC-impacted sites.  CPM 
testing might draw more oxygen to the subsurface and induce more bio-
attenuation than occurs under natural conditions. Due to the 
biodegradability of many PCH compounds, monitoring of subsurface 
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oxygen concentrations and PHC soil gas concentrations would provide 
additional insight. 
 The costs associated with CPM testing 
o Some information has already been published on this subject (McHugh et 
al., 2012), but a more detailed assessment is necessary to determine the 
cost-benefit advantages and disadvantages over conventional VI 
assessment approaches. 
6.2.2 Alternate VI pathways. During the long-term CPM study, an alternate VI 
pathway was discovered at the study site. Its presence was not suggested by the long-term 
soil gas and indoor air concentrations measured under natural conditions.  Those data 
were consistent with conventional VI pathway conceptualization, which demonstrates the 
limitations of using point-in-time sampling to detect alternate vapor pathways. 
Understanding the significance of specific VI pathways is important when VI mitigation 
systems are needed. Details of the alternate pathway discovered at the study site, 
including a schematic and photos, are provided in Appendix II.  The soil gas results that 
helped in the discovery are shown in Appendix VI. Work on this subject is needed in the 
following areas: 
 Diagnosis of alternate and preferential vapor pathways to indoor air. 
 Mitigation system effectiveness when an alternate or preferential pathway is 
present. 
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I.1 SITE HISTORY 
Hill Air Force Base (Hill AFB) has been a site for repair and maintenance of 
aircrafts since the early 1940s (Hill AFB, 2008). In part from maintenance activities, 
including chemical storage and waste treatment, contamination of soil and groundwater 
occurred over time. In 1987, Hill AFB was placed on the National Priorities List (NPL) 
under the Comprehensive Environmental Response, Compensation, and Liability Act 
(CERCLA) for environmental cleanup (Hill AFB, 2008; Hill AFB, 2012). Currently, the 
contaminated sites are divided into 13 operable units (OUs), with several extending 
beyond Hill AFB’s boundaries.  
 In 1993, the presence of chlorinated solvents was discovered in shallow 
groundwater below Layton, UT (Hill AFB, 2008; Hill AFB, 2012). The contaminated 
area is designated as OU8 and includes approximately 301 acres of land within Hill 
AFB’s boundaries and 434 acres outside the boundaries (Hill AFB, 2012). The 
chlorinated solvent-impacted groundwater plume is primarily beneath Layton with a 
small amount below the city of Clearfield. A hydraulic containment system was installed 
along the boundary of Hill AFB to inhibit additional spread of the contaminated 
groundwater. The area of OU8, the extent of the contaminated groundwater plume, and 
other pertinent features are shown in Figure I.1.  The map, created by Hill AFB’s 
Environmental Management Division (Hill AFB, 2012), shows an approximation of 
plume concentration  for 1,1-dichloroethane (1,1-DCA) and trichloroethylene (TCE) 
based on the maximum concentration of groundwater samples measured in off-base 
monitoring wells from 2005 to 2007. Due to the extent of contamination, both on- and 
off-base, completion of cleanup is estimated to be in the 2040s (Hill AFB, 2012). 
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 The risks associated with the groundwater contamination have been primarily 
associated with potential impacts to indoor air from vapor intrusion. As of 2012, Hill 
AFB has conducted indoor air sampling at 645 homes. Of the houses sampled, 55 
required mitigation systems (Hill AFB, 2012).  The drinking water for Layton and 
surrounding communities is provided by deep groundwater aquifers and mountain 
reservoirs and has not shown evidence of being affected by the contamination. 
 
 
Figure I.1. Map Operable Unit 8 (OU8) showing the extent of groundwater contamination 
in Layton and Clearfield Utah (from Hill AFB, 2012).  
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I.2 DESCRIPTION OF RESEARCH HOUSE 
The field work for this project was performed at a site above the chlorinated 
solvent-impacted groundwater in OU8. The study site is a split-level, two-story, three-
bedroom house with a garage on the lower level in a residential community in Layton, 
UT, south of Hill AFB. The house has been affectionately nicknamed Sun Devil Manor 
(SDM). The house covers a footprint of approximately 85 m
2
 (915 ft
2
). Figure I.2 present 
a photo of the study house.  The house sits on a south-facing slope with an elevation drop 
of approximately 2.5 m from the back to front of the property. 
 
 
Figure I.2. Photo of the front of the study house. 
 
 
Permanent multi-depth soil gas and groundwater monitoring points were installed 
through and exterior to the house foundation at locations shown in Figure I.3.  Figure I.4 
shows a photo of a multi-depth indoor soil gas and groundwater monitoring location. 
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Each was sealed with bentonite above and below sampling intervals and perforations 
through the foundation were sealed with a cement plug topped with a silicone caulk seal 
to ensure no connection with the subsurface. Sampling network specifics are summarized 
in Table I.1.  
 
 
Figure I.3. Schematic of the lower level of the study house including interior and exterior 
subsurface monitoring locations. 
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Figure I.4. Photo of a multi-depth soil gas and groundwater monitoring location at the 
house 
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Table I.1 
Sampling network specifics for groundwater and soil gas monitoring locations (see 
Figure 3 for locations).  
 
 
Building slab thickness ranges from approximately 12 to 16 cm and the gravel 
pack below the slab ranges from 20 to 30 cm.  A photo of the foundation thickness, 
relative to the step from the garage to the inside of the house, is shown in Figure I.5. 
The sub-foundation gravel zone drains to a local land drain system running across 
the southern border of the property through a lateral pipe. The lateral pipe was modified 
on t=1072 d with the addition of a butterfly valve to allow for control of the connection 
between the sub-foundation gravel zone and the land drain system. Tracer gases (SF6 and 
helium) were released up- and down-stream of the butterfly valve with it open and closed 
to confirm its integrity and ability to close the connection between the sub-foundation 
area and the land drain system. Figure I.6 presents a schematic and photos of the lateral 
pipe. 
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As mentioned, the house overlies a regional dilute groundwater plume containing 
1,1-dichloroethene (1,1-DCE), 1,1,1-trichloroethane (1,1,1-TCA) and trichloroethylene 
(TCE). Regional groundwater flow is predominately to the southwest (consistent with 
Hill AFB’s OU8 Fact Sheet).  Depth to groundwater is estimated to be 2.5 m (8.3 ft) 
below the house slab (BS), based on absence of water in the 1.8 m (6 ft) sub-slab 
monitoring points and the presence of water in the 2.7 m (9 ft) sub-slab monitoring 
points.  On average, dissolved TCE concentrations in groundwater collected beneath the 
foundation ranged from about 10-50 µg/L. Figure I.7 shows the average groundwater 
concentrations for TCE from samples collected below the house slab. The mean TCE 
concentration was 24 ± 9 μg/L for samples collected from August 2010 to March 2014.  
 
 
Figure I.5. Photo of a slab core taken during the installation of internal subsurface 
monitoring locations. The photo is shown next to the step from the garage to inside of the 
house. 
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Figure I.6. (a) Schematic showing the location of the lateral pipe and land drain system 
relative to the front of the study house; photos (b) of the excavation process to uncover 
the lateral pipe and (c) the uncovered lateral pipe. 
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Figure I.7. Monthly TCE concentrations in groundwater averaged across sampling 
locations below the foundation along with measured groundwater elevations from GW3. 
 
 The soil beneath and adjacent to the house consists predominantly of fine sandy 
silt with fine sand stringers. Soil moisture content was determined from soil cores taken 
at the site in May 2011 at locations C, D, and F (see Figure 3 for locations). The results 
from the three soil core showed that soil moisture adjacent to the house was 0.20 ± 0.02 
g-H2O/g-soil within 0.6 m (2 ft) of ground surface and then increased and was relatively 
consistent with depth at 0.25 ± 0.01 g-H2O/g-soil to 3.7 m (12 ft) below ground surface. 
The soil moisture content determined from three cores is shown in Figure I.8. 
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Figure I.8. Soil moisture content results from three soil cores collected and analyzed in 
May 2011. 
 
No one lived in the house during the duration of the study, but there were study-
related activities in and around the house approximately 20% of time. The following 
measures were taken to ensure that the house operated similarly to that of an occupied 
house: 
 The indoor temperature was maintained at approximately 20.5°C using a 
central forced-air heating and cooling system 
 Water was maintained in P-traps   
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 The lawn was watered 15-min daily by an automatic sprinkler system 
from late spring through early fall months 
To avoid issues associated with indoor sources, all potential sources were 
removed from the site. The following measures were taken to reduce the possibility of 
interference by indoor sources: 
 All chemicals were removed 
 Groundwater analysis was performed at an analytical laboratory at ASU to 
avoid possible contamination of indoor air from chemical standards 
 Furniture, with the exception of a few tables and chairs, was removed 
 Activity/entry logs were recorded to ensure that potential sources were not 
introduced to the house 
Visual inspections were conducted of the floors and walls and indicated the 
following: 
 A gap between the building slab and stem wall is present below the 
stairwell (crawlspace) with an approximate size of 0.6 cm by 180 cm 
(width by length) 
 There are flow drains located in the laundry room and bathroom on the 
lower level 
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II.1 SUMMARY OF METHODS USED 
 As mentioned in Appendix I, the study site is equipped with numerous analytical 
instruments and a dense monitoring network. Table II.1 summarizes key measurements, 
sampling frequencies, analytical methods, and quality assurance and quality control 
(QA/QC) measures for the data generated at the study site. 
 
Table II.1  
Summary of key site measurements, analytical methods, and instruments used at the 
study site. 
Key Site 
Measurements  
Analytical Methods and 
Frequency 
Sampling 
Media and/or 
Location 
Data QA/QC 
Real-time indoor and 
outdoor air sampling 
for analysis of 
chlorinated volatile 
organic compound 
concentrations 
Collected on multi-bed 
thermal desorption tubes 
followed by desorption 
and analysis by 
Unity/GC/MS at ASU 
analytical laboratory; 4 
hour time-averaged 
sampling 
Indoor and 
outdoor air 
Comparison with 
data from other 
methods, 
calibration and 
calibration 
verification, 
blanks, trip 
blanks, trip 
spikes, internal 
standards 
Collected and analyzed on 
site using HAPSITE 
portable GC/MS unit; 
near-instantaneous 
sampling collected every 
2 hours 
Indoor air  
Comparison with 
data from other 
methods, 
calibration and 
calibration 
verification 
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Key Site 
Measurements  
Analytical Methods and 
Frequency 
Sampling 
Media and/or 
Location 
Data QA/QC 
Real-time soil gas, 
indoor air, and 
outdoor air sampling 
for analysis of 
chlorinated 
compound 
concentrations 
Collected by SRI 10-
stream auto-sampler onto 
thermal desorption tube, 
followed by desorption 
and analysis using on-site 
GC/ECD; sampling every 
40 minutes. 
Indoor air, 
outdoor air, 
and soil gas 
Comparison with 
data from other 
methods, 
calibration and 
calibration 
verification, 
blanks 
Real-time indoor air, 
outdoor air, and soil 
gas sampling for 
analysis of SF6 
concentrations 
Collected by SRI 10-
stream auto-sampler and 
analyzed by GC/PDD; 
sampling every 30 
minutes 
Indoor air, 
outdoor air, 
and selected 
soil gas 
locations 
Standard gas 
sampling every 5 
hours 
Real-time indoor air 
sampling for analysis 
of radon 
concentrations 
Collected and analyzed by 
Durridge RAD7 radon 
detector; 2 hour time-
averaged sampling 
Indoor air 
Instrument 
calibrated 
annually by 
manufacturer 
Real-time differential 
pressure between 
outdoor and indoor 
air and soil gas and 
indoor air 
Differential pressure 
transducers connected to 
data acquisition module; 
reading every 2 minutes 
Outdoor air 
and all multi-
depth soil gas 
locations 
Transducers re-
zeroed once 
every day 
Real-time indoor, 
outdoor, and HVAC 
system outlet 
temperature 
Thermocouples connected 
to data acquisition 
system; reading every 2 
minutes 
Indoor 
(upstairs and 
downstairs), 
attic, garage, 
outdoor, 
HVAC duct 
N/A 
Meteorological 
station measuring 
wind speed and 
direction, 
precipitation, 
temperature, and 
relative humidity 
Collected by on-site data 
logging weather station; 
readings every 10 minutes 
Weather 
conditions at 
the site 
Comparison with 
recordings at 
local weather 
stations 
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Key Site 
Measurements  
Analytical Methods and 
Frequency 
Sampling 
Media and/or 
Location 
Data QA/QC 
Monthly to quarterly 
on-site measurements, 
including analysis of 
SF6, radon, and 
chlorinated 
compounds in soil 
gas, dissolved 
chlorinated 
compounds in 
groundwater, and 
groundwater table 
level 
Soil gas samples collected 
using lung-sampler and 
Tedlar bags, and analyzed 
using, GC/DELCD, 
GC/PDD; groundwater 
collected and preserved in 
40 mL vials then shipped 
to ASU for analysis using 
GC/DELCD; water level 
data collected using 
Solinst water level 
sounder; soil gas radon 
analyzed with RAD7 
All available 
soil gas and 
groundwater 
locations 
Data checked 
using blanks, 
duplicates, 
replicates, 
calibration and 
calibration 
verification 
 
II.2 MEASUREMENT OF VOCS IN INDOOR AND OUTDOOR AIR 
 Measurement of VOCs in indoor air was performed using three separate methods: 
(a) near-instantaneous 1 min 100 mL samples collected every 2 h and analyzed using a 
HAPSITE portable gas chromatography/mass spectroscopy unit (Inficon, Syracuse, NY), 
(b) 4 h time-averaged 12 L samples collected on a multi-bed sorvent tubes analyzed by 
thermal desorption and GC/MS, and (c) 10 min time-averaged 100-500 mL samples 
collected every 40 min on a multi-bed sorbent tube and analyzed by a GC equipped with 
an electron capture detector (ECD). 
 II.2.1 Portable GC/MS. Following a sample purge volume of 100 mL, a sample 
volume of 100 mL was pulled through a heated probe and onto a multi-bed sorbent trap. 
The trapped chemicals were then thermally desorbed and swept onto the GC column held 
at 55°C. Once the sample was on the column and held for 80 s, the column temperature 
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ramped at 30°C/min to 110°C. The operation of the HAPSITE instrument, including 
calibration and QA/QC procedures, followed the procedure outlined by Gorder and 
Dettenmaier (2011). The method detection limit (MDL) for TCE was reported as 0.06 
ppbv. 
II.2.2 Sorbent tubes. Multi-bed sorbent tube samples were collected using two 
customized SRI Instruments (SRI Instruments, Torrance, CA) 20-stream gas sampling 
valves, a vacuum pump (Rena 301 series, model BE-3012 vacuum/pressure pump), and a 
vacuum-configured, 0-100 mL/min mass flow controller (Alicat Scientific, Tucson, AZ). 
Sample collection was controlled by an SRI Instruments 6-channel data system and 
monitored using SRI PeakSimple software. The flowrate through the sorbent tubes was 
50 mL/min and samples were collected over a 4 h period for a total sample volume of 12 
L. A schematic of this setup is shown in Figure 1.The sorbent tubes (0.64 x 15.2 cm-long) 
were packed with Tenax-GR and Carboxen-569. During sample collection, sorbent tubes 
were capped with Difflock caps (Markes International, UK). After completion of a 
sampling set (38 sorbent tubes, approximately 6.3 days), sorbent tubes were capped using 
Swagelok brass caps with Teflon ferrules, and shipped to an analytical laboratory at 
Arizona State University (ASU) for analysis.  
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Figure II.1. Schematic of indoor and outdoor air sampling setup for multi-bed sorbent 
tubes used at study site. 
 
Once at ASU, sorbent tubes were analyzed using a Markes Ultra autosampler and 
Markes Unity thermal desorber (Markes International, UK) attached to an HP5890 gas 
chromatograph (GC) with an HP5972 mass spectrometer (MS). The column used within 
the thermal desorber GC/MS configuration was a 60 m Restek RXI-5 or 60 m Restek 
RXI-1ms capillary column. Analysis of samples on the GC/MS was performed using the 
selective-ion monitoring (SIM) mode. The MDL was calculated as 0.008 ppbv for TCE 
for this method using USEPA’s MDL procedure (USGS, 1999). The values used to 
calculate the MDL are shown in Table II.2. 
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To reduce loss of sample mass, sorbent tubes were loaded for analysis as soon as 
possible upon delivery. Due to issues associated with maintenance of the analytical 
equipment, 1-3 day delays were not uncommon. In total, some sorbent tubes (i.e., tubes 
used earlier in sampling set), sat for up to 10 days before analysis (including sample set 
run time, shipping time, and analysis delays). In order to understand the potential losses 
that occurred during these periods, a 12 day holding test was performed using spiked 
sample tubes. In starting the test, 3 sorbent tubes were spiked with 0.1 ppbv of a CHC mix 
(equivalent to 0.55 ng for TCE) and 3 other sorbent tubes were spiked 1.0 ppbv of a CHC 
mix (equivalent to 5.46 for TCE).  Additional sets of 6 spiked sorbent tubes were 
prepared 4, 8, and 11 days after with all of the tubes analyzed on the 12
th
 day. The results 
of this test for TCE mass are shown in table II.3. In general, the results show that mass 
losses over the testing period were relatively low with similar losses observed between 
the shortest and longest holding times. The greatest percent difference between spiked 
mass and mean calculated mass was 13.5%. 
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Table II.2 
Spiked concentrations, responses, and calculated concentrations used to calculate the 
MDL for TCE using the sorbent tube method. 
 
 
Table II.3 
Results of sorbent tube holding tests for TCE mass. 
 
Sample
Spiked concentration 
[ppbv]
Response 
[area count]
Calculated concentration 
[ppbv]
1 0.05 21101 0.0515
2 0.05 21054 0.0514
3 0.05 19894 0.0487
4 0.05 19254 0.0472
5 0.05 20127 0.0492
6 0.05 18826 0.0461
7 0.05 21593 0.0526
0.0495
0.0024
3.14
0.008
Average:
Standard Deviation (s):
Student's t value (t):
MDL [ppbv]:
                       
Time since 
preparation 
[d]
Mean Calculated 
Mass [ng], n = 3
Percent 
Difference (%)
Mean Calculated 
Mass [ng], n = 3
Percent 
Difference (%)
1 0.51 7.3% 5.15 5.8%
4 0.59 7.7% 5.65 3.4%
8 0.60 9.3% 4.76 13.7%
12 0.61 9.5% 5.18 5.3%
Spiked Mass, TCE [ng]
0.55
Spiked Mass, TCE [ng]
5.46
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Prior to use in the study house, sorbent tubes were conditioned using TC-20 tube 
conditioner (Markes International, UK) at an analytical laboratory at ASU. Ultra high 
purity (UHP) nitrogen feed gas at 15-20 mL/min passed through the tubes as they were 
incrementally heated for conditioning. The heating program was as follows: 180°C for 10 
min, 210°C for 10 min, 230°C for 10 min, and 250°C for 30min. Once the heating 
program finished, the tubes were allowed to cool to room temperature and then capped 
with Swagelok brass caps with Teflon ferrules in preparation for shipment back to the 
study house. During cooling, UHP nitrogen gas remained on at 5 mL/min. 
Calibration of the GC/MS was performed before the start of each sample set using 
gas standards prepared from a 1 ppmv commercial gas standard (Linde Gas North 
America LLC, Alpha, NJ) containing a suite of chlorinated VOCs in nitrogen. Calibration 
curve fittings consistently gave R
2
 regression of 0.99 or greater. The contents of the 
commercial gas standard and analyzed concentrations are shown in Table II.4. Analytical 
accuracy for the prepared gas standard concentrations was stated as ±5% by the 
manufacturer. 
 
 
 
 
 
 
 198 
Table II.4  
Contents, requested concentration, and analyzed concentration of the commercial gas 
standard from Linde Gas North America LLC (Alpha, NJ) used at ASU and the study 
site. 
Compound 
Requested 
Concentration [ppm
v
] 
Analyzed 
Concentration [ppm
v
] 
vinyl chloride 1.00 0.97 
1,1-dichloroethene 1.00 1.03 
trans-1,2-dichloroethylene 1.00 1.06 
1,1-dichloroethane 1.00 1.01 
cis-1,2-dichloroethylene 1.00 1.03 
1,2-dichloroethane 1.00 1.00 
1,1,1-trichloroethane 1.00 1.00 
benzene 1.00 1.02 
trichloroethylene 1.00 1.02 
1,1,2-trichloroethane 1.00 1.04 
toluene 1.00 1.03 
tetrachloroethylene 1.00 1.01 
 
Additional QA/QC activities included blanks, trip blanks, trip spikes, and internal 
standards. Blanks were included in all calibration and sample sets. For sample sets, 1 
blank was included for every 10 sorbent tube samples run. The target chemicals were 
consistently non-detectable on blanks. Similarly, trip blanks, which were routinely 
included in sample sets, produced non-detects for target chemicals. Starting in spring 
2012, fluorobenzene was used as an internal standard on 1 out of every 10 sorbent tube 
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samples used for analysis of chlorinated VOCs in indoor. Recovery of fluorobenzene was 
consistently above 96%. 
II.2.3 GC/ECD. Indoor air samples collected for analysis using the GC/ECD 
were pulled onto a multi-bed sorbent tube trap (0.64 x 15.2 cm) packed with Tenax-GR 
and Carboxen-569 by a vacuum pump (Rena 301 series, model BE-302 vacuum/pressure 
pump), and a vacuum-configured 0-100 mL/min mass flow controller (Alicat Scientific, 
Tucson, AZ) at 50 mL/min. Sample collection time was controlled using SRI’s 
PeakSimple software. Once a sample was collected, the sorbent tube was heated to 240°C 
and helium carrier gas pushed the sample onto a 60 m MXT-5 capillary column held at 
40°C. After a 2-min delay, to allow ample time for the trap heater to reach 240°C and for 
the sample to desorb from the trap, the column was heated from 40°C to 220°C at 
10°C/min and the sample swept into the ECD cell.   
Calibration of the GC/ECD occurred every 1 – 3 months, during site visits, at the 
beginning and end of on-site synoptic surveys, using gas standards prepared from a 1 
ppmv commercial gas standard containing a suite of chlorinated VOCs. Replacement of 
the multi-bed sorbent trap occurred when calibration curves approached a 20% difference 
from the first calibration using the trap. On average, trap replacement occurred every 3 
months. The MDL for TCE for this method was calculated as 0.009 ppbv (approximately 
0.05 μg/m3) using USEPA’s MDL procedure (USGS, 1999). The results used to calculate 
the MDL are shown in Table II.5. 
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Table II.5 
Spiked concentrations, responses, and calculated concentrations used to calculate the 
MDL for TCE using the GC/ECD method. 
 
 
II.3 MEASUREMENT OF VOCS IN SOIL GAS 
 Measurement of VOCs in soil gas occurred during synoptic site snapshots using a 
GC equipped with a dry electrolytic conductivity detector (DELCD) and remotely in real-
time using a GC/ECD. For synoptic site surveys, 500-800 mL grab samples were 
collected using a lung sampler and analyzed by direct-injection onto a GC/DELCD or by 
trapping 500 mL of sample on a sorbent tube prior to thermal desorption and analysis by 
GC/DELCD. 
II.3.1 Collection of soil gas grab samples. Collection of soil gas samples for on-
site synoptic surveys was done using a custom built vacuum box (lung sampler). The 
lung sampler utilizes negative pressure to collect soil gas samples in 1 L Tedlar vapor 
Sample
Spiked concentration 
[ppbv]
Response 
[area count]
Calculated concentration 
[ppbv]
1 0.04 578.054 0.0406
2 0.04 549.093 0.0385
3 0.04 586.832 0.0413
4 0.04 625.727 0.0442
5 0.04 552.682 0.0387
6 0.04 506.319 0.0353
7 0.04 599.79 0.0423
0.0401
0.0029
3.14
0.009
Student's t value (t):
MDL [ppbv]:
Average:
Standard Deviation (s):
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bags (SKC 232-01). The box, shown in Figure II.2, is constructed from a Pelican case 
(Pelican, San Antonia, TX) and stainless steel Swagelok parts and is connected to a 
vacuum pump (Rena 301 series, model BE-3012 vacuum/pressure pump). The vacuum 
pump is located downstream of sampling to avoid cross contamination between soil gas 
samples. 
The procedure for soil gas sampling was as follows: 
 Tedlar bags were flushed with helium gas three times and then evacuated 
using a 60 mL syringe prior to use. 
 The soil gas sampling port (network shown in Appendix I, Figure I.3) was 
opened and connected to the lung sampler (see Figure II.2 for photo). 
 The lung sampler was opened and the Tedlar bag was connected to the 
internal sampling port. The valve on the Tedlar bag was then opened and 
the lung sampler was closed. 
 The pump was then turned on and approximately 100 mL of soil gas was 
purged from sampling lines and exhausted to outdoor air to negate the 
effects from dilution from dead volume.  
  The soil gas was then rerouted to flow into the Tedlar bag where an 
additional 100 mL of soil gas was collected. This volume was then flushed 
from the Tedlar bag and exhausted to outdoor air. 
 The soil gas sample for analysis was then collected – roughly 500 to 800 
mL of soil gas depending on anticipated concentration of sample.  
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 The vacuum pump was then turned off and the lung sampler was opened. 
The valve on the Tedlar bag was closed and the bag was removed from the 
sampler for analysis.  
 The sampling port and lung sampler were then disconnected and the 
sampling port was resealed.  
 
 
Figure II.2. Photo of lung sampler (orange box) next to a monitoring location in the 
garage of the study site. 
 
II.3.2 Analysis of Soil Gas Grab Samples. Soil gas grab samples for analysis of 
chlorinated VOCs were analyzed within 3 hours of collection by one of two methods: (a) 
on-column injection for samples >5 ppbv and (b) concentration on a multi-bed sorbent 
trap and subsequent thermal desorption and injection for samples <5 ppbv. For the first 
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method, 500 μL of sample vapor was directly injected onto a 60m Restek MXT-1 column 
(Restek Corporation, Bellefonte, PA) held at 40°C in a SRI GC equipped with a dry 
electrolytic conductivity detector (DELCD). Following injection, the GC oven was 
heated from 40°C to 220°C at 12°C/min and then held at 220°C for 3 min for sample 
release into the DELCD. The second method used a multi-bed sorbent trap (same packing 
as sorbent tubes above) for concentrating 500 mL of sample pulled from a 1-L Tedlar bag 
onto the sorbent tube using a vacuum pump (Rena 301 series, model BE-302 
vacuum/pressure pump), and a vacuum-configured 0-100 mL/min mass flow controller 
(Alicat Scientific, Tucson, AZ) at 50 mL/min. After trapping the sample, the sorbent tube 
was heated to 240°C and held for 2 min to desorb the sample and allow helium carrier 
gas to sweep the sample onto the column. Similar to before, the column was then heated 
from 40°C to 220°C at 12°C/min and then held at 220°C for 3 min for release of the 
sample to the DELCD.  
II.3.3 Collection and Analysis of Soil Gas Samples on GC/ECD. Soil gas 
samples collected for analysis on GC/ECD followed the same procedure as outlined 
above for indoor and outdoor air. However, for soil gas samples, sample volumes of 500 
mL or less were collected for analysis, since concentrations of VOCs in soil gas tended to 
be higher than indoor and outdoor air.  
 
II.4 MEASUREMENT OF RADON IN INDOOR AIR AND SOIL GAS 
A Durridge RAD7 (Durridge Company, Inc., Billerica, MA) was used to measure 
the concentration of radon in both indoor air and soil gas. The RAD7 radon detector is a 
portable solid state alpha detector with the ability to perform continuous real-time 
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monitoring. When a gas sample enters the RAD7’s internal sample cell, the radon 
contained in the sample decays and produces alpha particle emitting daughter products. 
The detector then produces an electrical signal based on the alpha particles energy to 
determine the radon concentration.  
A schematic of the RAD7 sampling assembly is shown in Figure II.3. Prior to 
entering the detector, samples are pulled through a tube filled with desiccant to ensure 
that the relative humidity (RH) of the sample is low enough for the detector, followed by 
the inlet filter. The RAD7 manual states that the detector is more efficient and doesn’t 
require humidity correction when samples have 10% RH or less. The desiccant used with 
the RAD7 was Indicating DRIERITE (W. A. Hammond DRIERITE Co. LTD, Xenia, 
OH), which is anhydrous calcium sulfate impregnated with cobalt chloride. Indicating 
DRIERITE is blue in color, but turns pink when it absorbs moisture. Tubes of desiccant 
were changed out with new material when the majority of the Indicating DRIERITE 
appeared pink in color. As mentioned, following the desiccant tube is a fine inlet filter, 
which removes solids and desiccant dust from the sample. When sampling indoor air and 
soil gas within the building, the outlet of the RAD7 assembly was connected to an 
exhaust line to outdoor air. 
The RAD7 instrument is calibrated by the manufacturer prior to use and once a 
year there after. The manufacturer uses a set of four control instruments as standards for 
the calibration of all RAD7s sold. The four control instruments are calibrated by inter-
comparison with radon chambers designed by U.S. EPA (1). Using this method, the 
manufacturer claims the RAD7 accuracy to be ±5% or better. Each measurement from 
the RAD7 also includes a value for the uncertainty associated with the sample. The 
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uncertainty value associated with each measurement is a 95% confidence interval based 
on the number of alpha particles the detector counts during the spectral analysis. The 
RAD7 is recalibrated annually based on the manufacturer’s recommendation.  
 
 
Figure II.3. Schematic of Durridge RAD7 sampling assembly used for analysis of indoor 
air and soil gas for radon. 
 
Measurement of radon in indoor air and soil gas was conducted using two 
methods: (a) time-averaged samples collected over a 2-h period for real-time monitoring 
of indoor air and (b) an average of five 5-min cycles for synoptic soil gas sampling 
events. Real-time monitoring of radon concentration in indoor air was performed in the 
lower-level of the house at approximately 1 m above the floor. Synoptic soil gas 
sampling events were performed every 1-2 months at both indoor and outdoor locations.  
 Prior to initiating indoor air sampling and between each soil gas sample, the 
detector is purged using outdoor air. The purge function of the RAD7 turns on the 
internal pump and pulls in “clean” air to free the sample chamber from residual radon gas 
and moisture. For soil gas samples, the detector was purged for 5-min after each sample. 
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The sampling protocol was to collect the shallowest soil gas first (SS), since its radon 
concentration is generally lower than deeper soil gas (0.9 m and 1.8 m BS). When 
sampling took place at soil gas depths of 0.9 m or 1.8 m BS the detector was purged for 
15-min before returning to sample SS soil gas to ensure clearing of residual. 
 
II.5 RELEASE OF SF6 TRACER GAS 
 Sulfur hexafluoride (SF6) was continuously released to indoor air at 5 mL/min in 
the study house during all phases of the project. The release of the gas was controlled by 
a 0-10 ml/min mass flow controller (Alicat Scientific, Tucson, AZ) and monitored using 
SRI PeakSimple software. SF6 acted as a tracer for determining air exchange rate and for 
studying indoor source behavior.  
 
II.6 MEASUREMENT OF SF6 TRACER GAS 
Two methods were used for analyzing SF6 (tracer gas), one for continuous indoor 
air, outdoor air, and soil gas monitoring and one for synoptic soil gas surveys. 
II.6.1 Continuous monitoring. For continuous monitoring, indoor air, outdoor 
air, soil gas, and standard gas samples were collected every 30-min using an SRI 10-
stream gas sampling valve connected to an SRI 8610C Gas Chromatograph (GC) (SRI 
Instruments, Torrance, CA) equipped with a dual mode pulse discharge detector (PDD) 
(Model D-2, Valco Instruments Co. Inc., Houston, TX) run in electron capture (EC) 
mode. Samples were pulled through a 1-mL loop using a vacuum pump (Rena 301 series, 
model BE-3012 vacuum/pressure pump), and a vacuum-configured, 0-100 mL/min mass 
flow controller (Alicat Scientific, Tucson, AZ), before the loop volume was pushed onto 
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a washed 0.6 m (2 ft) mol sieve 5A column, followed by a 5 cm (2 in) 0.25 mm ID 
bonded phase fused silica capillary column, by helium purified by a heated helium 
purifier (Model HP2, Valco Instruments Co. Inc., Houston, TX). Sample collection was 
setup to ensure the removal of dead space in sampling lines. The calculated MDL for this 
instrument, as configured, was 0.97 ppbv for SF6 using USEPA’s MDL procedure 
(USGS, 1999). The results used to calculate the MDL are shown in Table II.6. 
 
Table II.6 
Spiked concentrations, responses, and calculated concentrations used to calculate the 
MDL for SF6 using the GC/PDD method. 
 
 
Instrument calibration occurred every 1-3 months, at the beginning and end of on-
site synoptic surveys. Due to changes in instrument sensitivity between site visits, starting 
May 24th, 2011, one port of the 10-stream gas sampling valve was dedicated to a 
Sample
Spiked concentration 
[ppbv]
Response 
[area count]
Calculated concentration 
[ppbv]
1 10 408.37 10.03
2 10 422.17 10.46
3 10 405.16 9.94
4 10 430.42 10.72
5 10 410.23 10.09
6 10 419.46 10.38
7 10 427.88 10.64
10.32
0.31
3.14
0.97
Average:
Standard Deviation (s):
Student's t value (t):
MDL [ppbv]:
                       
 208 
standard gas of approximately 500 ppbv SF6 held in a series of 10 L FlexFoil bags (SKC 
262-10) to allow for calibration checks and modification. Standard gas bags were 
sampled once every 5 hours during continuous monitoring. Calibration curves were 
modified based on a ratio of the results from sampling of the standard bag and the 
original standard bag concentration. For data collected prior to May 24th, 2011, data was 
modified based on the assumption that sensitivity change between instrument calibrations 
was linear. 
II.6.2 Synoptic soil gas surveys. Multi-depth soil gas surveys were performed 
every 1-3 months. Soil gas samples were collected in 1-liter Tedlar bags (SKC 232-01) 
using the lung sampler. Reconfiguration of the GC/PDD setup described above allowed 
for 500 μL direct-injection of soil gas grab samples onto the mol sieve column. Samples 
were analyzed within 1 hour of collection. 
 
II.7 DIFFERENTIAL PRESSURE MEASUREMENTS 
Differential pressure transducers ((Model P300-0.4”-D, Pace Scientific Inc., 
Mooresville, NC) were used for monitoring differential pressures between soil gas and 
indoor air and between outdoor air and indoor air. The transducers have two ports, one 
high and one low. When the pressure of the high port is higher than that of the low port, a 
positive pressure response would be recorded. Readings from the transducers were taken 
every 2 min and were recorded by a data acquisition module (Model OMB-DAQ-56, 
Omega Engineering Inc., Stamford, CT). The transducers were calibrated on-site by 
applying a range of positive and negative pressures. Positive pressures were applied using 
nitrogen gas with specific pressures obtained by feed control and bypass valves. The 
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applied pressures were recorded using a Magnahelic differential air pressure gauge 
(Dwyer Instruments, Inc., Michigan City, IN). At each pressure level measured, the 
differential pressure signal was monitored. To simulate negative pressures, the tubing to 
the high and low ports was reversed and the process repeated. Using the applied pressure 
readings and the differential pressure signal, calibration curves were developed for each 
transducer used.  
 
II.8 MEASURMENT OF VOCS IN GROUNDWATER 
II.8.1 Collection of Groundwater Samples. Prior to collection of groundwater 
samples, the depth to groundwater was measured to determine groundwater elevation and 
estimate well-volume. Groundwater wells were then purged three well-volumes using 
peristaltic pumps with dedicated tubing, dedicated inertial pumps with polyethylene 
tubing, or new disposable polyethylene bailers. The use of inertial pumps or bailers was 
necessary when a peristaltic pump was unable to collect a sample.  
Groundwater samples were collected 24 h after wells were purged using either a 
peristaltic pump with dedicated polyethylene tubing, dedicated inertial pump with 
polyethylene tubing, or a new disposable polyethylene bailer. Samples were collected in 
40 mL volatile organic analysis (VOA) vials preserved with hydrochloric acid. All 
samples were collected with duplicates when enough groundwater was available. 
Additional samples were collected at 2-3 monitoring locations for additional QA/QC 
activities. After collection, the samples were placed on ice and shipped to ASU for 
analysis within 48 h after receipt. 
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II.8.2 Analysis of Groundwater Samples. Groundwater samples were analyzed 
for dissolved CHCs by a 42° heated-headspace analysis and an SRI GC equipped with a 
DELCD. For every 10 samples analyzed, a duplicate sample was analyzed to assess 
variability and error in sampling and analysis.  
 
II.9 SOIL MOISTURE CONTENT 
 Soil moisture content was determined from soil samples taken using a hand-
powered soil auger (AMS Inc., American Falls, ID). Starting at the surface, soil samples 
were collected at 0.15 m (6 in) increments to a depth of 3.81 m (150 in). Each sample 
was placed in an individual jar, sealed, and shipped back to ASU for analysis. To 
determine soil moisture content of each sample, the following procedure was used: 
 Approximately 15 g of soil was taken from a sample jar and placed on a pre-
weighed aluminum dish and the mass recorded using an analytical balance 
(Mettler-Toledo, LLC, Columbus, OH).  
 The soil and aluminum dish were then dried in an oven at 105°C for 24 h. 
 Following removal from the oven and a short cooling period, the dried soil and 
aluminum dish were reweighed. 
 By subtracting the weight of the aluminum dish from the dried sample, the mass 
of dry soil was determined. 
 Mass of water in the soil was then determined by taking the difference between 
the original mass measurement and the dried mass measurement. 
 Soil moisture content was then calculated by taking the mass of water and 
dividing it by the mass of dry soil. 
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II.10 DATA NOT INCLUDED IN DISSERTATION 
Table II.7 provides a summary of the data collected at the study site during both 
natural and depressurized conditions that are not used in the dissertation. This data was 
collected from August 2010 through July 2013 (0 < t < 1074 d). This data has been 
archived and provided to Dr. Paul C. Johnson for future use.  
 
Table II.7  
Summary of data collected during natural and depressurized conditions that are not used 
in the dissertation.  
Description of Site 
Measurement 
Analytical 
Methods and 
Frequency 
Sampling Media 
and/or Location 
Data QA/QC 
Real-time soil 
temperature 
Soil temperature 
sensors connected 
to data acquisition 
system; reading 
every 2 minutes 
Location C and 
Location 1 at 
multiple depths 
N/A 
Real-time 
groundwater 
elevation 
fluctuation and 
temperature 
In situ Solinst level-
loggers; reading 
every 12 hours 
Groundwater 
location 3 at all 
depths 
N/A 
Real-time soil 
moisture 
Soil moisture 
sensors connected 
to data acquisition 
system; reading 
every 10 minutes 
Location C and 
Location 1 at 
multiple depths 
Comparison with 
data from soil 
samples 
Real-time soil O2 
concentrations 
O2 sensors 
connected to data 
acquisition system; 
reading every 10 
minutes 
All multi-depth soil 
gas locations 
Sensor calibration 
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APPENDIX III 
 SUPPLEMENTAL RESULTS FROM GROUNDWATER, SOIL GAS, AND AIR 
MONITORING DURING NATURAL CONDITIONS 
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III.1 OVERVIEW 
 The information presented below is supplemental to the previous chapters, 
predominantly Chapter 2 and Chapter 3. The data were collected under natural conditions 
from August 2010 to August 2012 at the study site described in Appendix I. The data are 
placed on a timeline consistent with previous chapters and publications (Holton et al., 
2013; Holton et al., 2015), where time (t) = 0 being 8:00 AM on 8/15/2010 and are 
presented from the beginning of the vapor intrusion (VI) pathway (groundwater) to the 
end (indoor and outdoor air). For details on the materials and methods used in collecting 
this data, see Appendix II.  
 
III.2 MONITORING RESULTS DURING NATURAL CONDITIONS 
III.2.1 Groundwater. Analysis of groundwater was performed following field 
survey events. Figure III.1 shows TCE concentrations in groundwater from indoor 
sampling points from -11 < t < 744 d. These results are summarized in Table III.1. 
Similarly, Figure III.2 shows TCE concentrations from shallow outdoor sampling points 
from -11 < t < 744 d. Table III.2 summarizes groundwater concentration data from 
outdoor sampling points at shallow, mid-level, and deep sampling points. For more detail 
on the sampling network, see Appendix I.  
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Figure III.1. TCE concentrations in groundwater at 2.7 m below-slab interior sampling 
points from August 2010 to August 2012.   
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Table III.1 
Summary table of groundwater concentrations from samples collected at indoor sampling 
locations, 2.7 m below-slab.  
Date Time [d] 
TCE Concentration in Groundwater Samples [µg/L] 
IGW1 IGW2 IGW3 IGW4 IGW5 IGW6 
8/4/2010 -11 23.98 NS 40.12 NS 47.00 34.47 
11/13/2010 90 6.73 NS 15.80 NS 20.22 17.05 
12/16/2010 123 5.13 11.24 7.29 3.38 9.60 7.05 
2/2/2011 171 11.16 19.18 18.33 10.03 29.98 14.72 
3/8/2011 205 18.36 20.97 12.55 9.22 18.56 8.49 
4/8/2011 236 25.17 43.75 30.54 38.40 37.44 25.31 
5/30/2011 288 20.17 32.29 30.93 13.05 39.16 29.73 
7/21/2011 340 15.98 53.77 38.16 16.23 39.77 30.99 
8/31/2011 381 9.66 24.45 20.62 NS 11.57 17.40 
10/8/2011 419 10.31 20.83 19.24 12.73 20.38 NS 
11/10/2011 452 9.15 26.11 19.72 8.94 19.18 6.27 
12/9/2011 481 9.23 23.26 23.04 7.83 25.84 16.24 
1/19/2012 522 16.70 26.76 21.30 NS 19.09 17.93 
2/24/2012 558 54.65 59.39 34.54 NS 49.42 43.26 
5/7/2012 631 13.97 29.37 27.40 13.74 31.95 22.07 
6/2/2012 657 29.34 41.47 23.56 12.84 29.36 22.31 
8/29/2012 745 12.43 32.48 30.40 NS 22.55 20.12 
Average 17.18 31.02 24.33 13.31 27.71 20.84 
NS = No sample available 
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Figure III.2. TCE concentrations in groundwater at shallow exterior sampling points from 
August 2010 to August 2012. 
 
 
 
 
 
 
    
2
1
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Table III.2 
Summary table of groundwater concentrations from samples collected at outdoor locations at shallow (S), mid-level (M), and 
deep (D) sampling points. 
Date 
Time 
[d] 
TCE Concentration in Groundwater Samples [µg/L] 
GW1
S 
GW1
M 
GW1
D 
GW2 
S 
GW2
M 
GW2
D 
GW3 
S 
GW3
M 
GW3
D 
GW4 
S 
GW4
M 
GW4
D 
8/4/2010 -11 6.44 71.60 13.23 6.28 25.79 2.05 10.14 22.56 22.69 NS 24.07 40.94 
11/13/2010 90 5.56 23.37 10.06 4.01 19.61 3.53 16.49 28.05 12.58 7.31 9.15 27.47 
12/16/2010 123 5.78 30.42 12.42 2.82 26.66 4.38 13.05 12.41 16.91 5.47 17.83 NS 
2/2/2011 171 17.21 39.18 19.80 9.14 29.21 7.48 23.76 21.90 19.59 8.43 29.04 31.71 
3/8/2011 205 7.48 25.10 15.39 9.43 23.64 6.75 NS 27.46 32.56 9.98 22.21 21.64 
4/8/2011 236 15.23 18.20 7.75 14.48 28.64 10.67 20.31 36.85 39.35 16.45 43.54 42.18 
5/30/2011 288 11.95 41.90 11.35 9.42 29.01 3.23 16.99 25.78 29.89 12.93 40.42 44.87 
7/21/2011 340 12.49 42.78 22.10 8.04 32.38 4.32 13.02 20.33 26.02 10.14 33.90 70.29 
8/31/2011 381 1.77 37.59 1.69 1.87 9.83 1.17 12.41 12.61 9.19 4.63 24.29 45.53 
10/8/2011 419 7.51 45.82 3.57 4.36 34.05 4.83 14.04 23.03 33.24 9.74 25.87 52.63 
11/10/2011 452 7.09 24.61 9.15 6.72 37.90 5.67 13.79 15.53 21.91 8.76 13.93 22.77 
12/9/2011 481 7.40 42.60 10.32 NS 32.66 5.34 15.77 28.74 24.62 8.13 15.65 33.65 
1/19/2012 522 NS 52.73 5.68 NS 43.70 5.82 14.83 26.90 21.40 6.35 42.77 44.37 
2/24/2012 558 17.94 75.29 26.87 NS 52.14 9.07 49.31 48.77 43.30 28.42 105.57 81.49 
5/7/2012 631 12.06 41.54 11.82 NS 34.58 2.95 18.91 21.15 31.02 9.44 42.45 44.37 
6/2/2012 657 8.23 59.51 12.33 NS 66.90 4.25 16.20 24.14 31.49 11.21 50.85 56.17 
8/29/2012 745 10.72 51.23 13.30 4.23 38.62 5.60 17.78 21.66 25.28 14.50 38.89 39.51 
Average 9.68 42.56 12.17 6.73 33.25 5.12 17.93 24.58 25.94 10.74 34.14 43.72 
NS = No sample available 
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III.3.2 Soil gas. During field survey events, soil gas was analyzed for a suite of 
chlorinated volatile organic compounds (CVOCs) (discussed in Appendix II). Figures 
III.3-III.18 show multi-depth contour plots of TCE concentrations in soil gas at sub-slab 
(SS), 0.9 m below-slab (BS), and 1.8 m BS depths. The plots were generated using Surfer 
12 software (Golden Software, Golden, CO). The Kriging gridding method provided in 
the software was used to interpolate soil gas concentrations between monitoring points. 
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Figure III.3. Multi-depth contour plot of TCE in soil gas for samples collected and 
analyzed from August 7
th
 to August 10
th
, 2010. 
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Figure III.4. Multi-depth contour plot of TCE in soil gas for samples collected and 
analyzed from November 13
th
 to November 15
th
, 2010.  
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Figure III.5. Multi-depth contour plot of TCE in soil gas for samples collected and 
analyzed from December 17
th
 to December 20
th
, 2010.  
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Figure III.6. Multi-depth contour plot of TCE in soil gas for samples collected and 
analyzed from March 1
st
 to March 4
th
, 2011. 
 223 
 
Figure III.7. Multi-depth contour plot of TCE in soil gas for samples collected and 
analyzed from March 31
st
 to April 3
rd
, 2011.  
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Figure III.8. Multi-depth contour plot of TCE in soil gas for samples collected and 
analyzed from May 18
th
 to May 20
th
, 2011. 
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Figure III.9. Multi-depth contour plot of TCE in soil gas for samples collected and 
analyzed from July 7
th
 to July 10
th
, 2011.  
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Figure III.10. Multi-depth contour plot of TCE in soil gas for samples collected and 
analyzed from August 18
th
 to August 20
th
, 2011.  
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Figure III.11. Multi-depth contour plot of TCE in soil gas for samples collected and 
analyzed from September 29
th
 to September 30
th
, 2011.  
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Figure III.12. Multi-depth contour plot of TCE in soil gas for samples collected and 
analyzed from November 4
th
 to November 5
th
, 2011. 
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Figure III.13. Multi-depth contour plot of TCE in soil gas for samples collected and 
analyzed from December 3
rd
 to December 4
th
, 2011.  
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Figure III.14. Multi-depth contour plot of TCE in soil gas for samples collected and 
analyzed from January 11
th
 to January 13
th
, 2012.  
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Figure III.15. Multi-depth contour plot of TCE in soil gas for samples collected and 
analyzed from February 16
th
 to February 17
th
, 2012.  
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Figure III.16. Multi-depth contour plot of TCE in soil gas for samples collected and 
analyzed from April 30
th
 to May 1
st
, 2012.  
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Figure III.17. Multi-depth contour plot of TCE in soil gas for samples collected and 
analyzed from May 27
th
 to May 28
th
, 2012.  
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Figure III.18. Multi-depth contour plot of TCE in soil gas for samples collected and 
analyzed from August 20
th
 to August 21
st
, 2012.  
 
 As discussed in Chapter 3, soil gas was monitored in real-time at several sampling 
points during the study during natural conditions. Figures III.19-III.21 show soil gas 
results from SS and 0.9 m BS sampling points at locations 1, 2, and 6, respectively. In 
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general, these results agree with the results shown in the soil gas concentration contour 
plots. 
 
 
Figure III.19. TCE concentration in sub-slab and 0.9 m below-slab soil gas at location 1 
from May 2011 to April 2012. 
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Figure III.20. TCE concentration in sub-slab and 0.9 m below-slab soil gas at location 2 
from May 2011 to April 2012. 
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Figure III.21. TCE concentration in sub-slab and 0.9 m below-slab soil gas at location 6 
from May 2011 to April 2012. 
 
III.3.3 Outdoor Air. Outdoor air was monitored during the majority of the study 
period to assess background levels CVOCs. Figure III.22 shows outdoor air TCE 
concentrations collected on sorbent tubes over a 4-h period and analyzed with thermal 
desorption and GC/MS. For comparison, the MDL for this method is shown on the plot. 
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Figure III.22. Outdoor air TCE concentrations measured by sorbent tubes from May 2011 
to August 2012. 
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APPENDIX IV 
DIFFERENTIAL PRESSURE MONITORING RESULTS UNDER NATURAL 
CONDITIONS 
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IV.1 OVERVIEW 
 The advective flow of soil gas to indoor air is driven by a pressure gradient 
caused by natural environmental conditions and building operations. To gain an 
understanding of the direction and magnitude of the pressure gradient under natural 
conditions at the study site, differential pressure was monitored between sub-slab (SS) 
soil gas and indoor air. In addition, to gain insight into the outdoor-indoor air exchange, 
differential pressure was also monitored between outdoor air and indoor air. 
 
IV.2 EXPERIMENTAL METHODS 
Differential pressures between soil gas and indoor air and between outdoor air and 
indoor air were monitored using electronic differential pressure transducers (Model P300-
0.4”-D, Pace Scientific Inc., Mooresville, NC). Data were logged every 2 minutes using a 
data acquisition module (Model OMB-DAQ-56, Omega Engineering Inc., Stamford, CT). 
The pressure transducers were re-zeroed daily using an automated valve system. The 
monitoring locations, including indoor and outdoor air reference points, are shown in 
Figure IV.1. Additional information, including the calibration procedure, is provided in 
Appendix II.  
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Figure IV.1. Schematic of building footprint and monitoring locations. 
 
Soil gas monitoring locations were frequently used for real-time soil gas sampling 
and as a consequence the data sets for several monitoring locations are limited. The 
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results for the most complete data sets, from locations 4, 5, 7, and outdoor air (all 
measuring pressure differential with indoor air) are presented below. Comparisons 
between the results from location 5 and other monitoring locations are also presented to 
highlight the different behavior observed across the study site. The results from location 5 
are used for the comparison due to its proximity to the center of the house and available 
data. 
 
IV.3 RESULTS AND DISCUSSION 
 The data are placed on a timeline consistent with previous chapters and 
publications (Holton et al., 2013; Holton et al., 2015), where time (t) = 0 being 8:00 AM 
on 8/15/2010.   
Figure IV.2 presents 24-h average differential pressure results between outdoor 
air and indoor air for the time period 53 < t < 736 d. Error bars spanning the 10
th
 and 90
th
 
percentiles of the real-time data within each 24-h period are also shown on the plots. 
Here, positive values are indicative of flow into the building. The 24-h average 
differential pressure values shown in Figure IV.2 follow a slight seasonal trend, where 
more positive values are occur in the late fall to early spring months. This trend is 
consistent with the seasonal trend of indoor air TCE concentrations presented and 
discussed in Chapter 2 (Holton et al., 2013). The 10
th
 and 90
th
 percentile values indicate 
bi-directional exchange, with positive and negative values occurring within 24-h periods.  
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Figure IV.2. 24-h average differential pressure values between outdoor air and indoor air 
with error bars spanning the 10
th
 and 90
th
 percentiles of the real-time data within each 24-
h period.  
 
Figures IV.3-5 show 24-h average differential pressure results between SS soil 
gas and indoor air at locations 4, 5, and 7, respectively for the time period 53 < t < 736 d 
(where data is available). Error bars spanning the 10
th
 and 90
th
 percentiles of the real-time 
data within each 24-h period are also shown on the plots. Here, positive values are 
indicative of advective flow from the subsurface to indoor air.  
 Similar to the differential pressure results between outdoor and indoor air, 
the results shown in Figures IV.3-5 demonstrate that differential pressure values between 
the subsurface and indoor air regularly fluctuated between positive and negative values. 
The variation observed at locations 4 and 5 appear to follow a similar seasonal trend as 
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the one observed between outdoor air and indoor air, with more positive values occurring 
in the late fall to early spring months, however, the magnitude of variation differs with 
location 4 experiencing a greater number of positive days. In contrast, the results from 
location 7 do not follow an obvious trend. The 24-h average subsurface to indoor air 
differential pressures shown here are similar to observations for other residential 
buildings under natural conditions (McHugh et al., 2006). 
 
 
Figure IV.3. 24-h average differential pressure values between sub-slab soil gas at 
location 4 and indoor air with error bars spanning the 90
th
 and 10
th
 percentile of the daily 
data sets. 
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Figure IV.4. 24-h average differential pressure values between sub-slab soil gas at 
location 5 and indoor air with error bars spanning the 90
th
 and 10
th
 percentile of the daily 
data sets. 
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Figure IV.5. 24-h average differential pressure values between sub-slab soil gas at 
location 7 and indoor air with error bars spanning the 90
th
 and 10
th
 percentile of the daily 
data sets. 
 
To better understand the relationship between subsurface to indoor air differential 
pressure monitoring locations, time-matched 24-h average data was plotted. Figures IV.6-
IV.11 present time-matched comparisons of the 24-h average differential pressure results 
from each SS soil gas monitoring location with the results from location 5.  
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Figure IV.6. Comparison of time-matched 24-h average sub-slab to indoor air differential 
pressure values from location 1 and location 5. 
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Figure IV.7. Comparison of time-matched 24-h average sub-slab to indoor air differential 
pressure values from location 2 and location 5. 
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Figure IV.8. Comparison of time-matched 24-h average sub-slab to indoor air differential 
pressure values from location 3 and location 5. 
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Figure IV.9. Comparison of time-matched 24-h average sub-slab to indoor air differential 
pressure values from location 4 and location 5. 
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Figure IV.10. Comparison of time-matched 24-h average sub-slab to indoor air 
differential pressure values from location 6 and location 5. 
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Figure IV.11. Comparison of time-matched 24-h average sub-slab to indoor air 
differential pressure values from location 7 and location 5. 
 
 Table IV.1 presents relevant statistics of the time-matched data shown in Figures 
IV.6-IV.11 to highlight the similarities and differences observed under natural conditions. 
The comparisons shown in Figures IV.6-11 and the statistics from Table IV.1 reveal that 
the locations within the living space (2, 3, 6, and 7) often behaved similarly to location 5, 
while the monitoring locations in the garage (1 and 4) often behaved differently. For 
example, the time-matched 24-h average differential pressure values from the garage 
locations were mostly positive and values from the indoor living space were often 
negative. 
Bidirectional flow within a 24-h period, as indicated by the 10
th
 and 90
th
 
percentiles of the real-time data within a 24-h period spanning positive and negative 
values, occurs on a similar basis for all locations with one exception. For the comparison 
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between location 3 and location 5 (202 days of time-matched 24-h differential pressure 
values), location 3 had bidirectional flow for 64.4% of the 24-h periods and location 5 
had 43.6%.  
The differences observed between monitoring locations in the garage and living 
space could be due the subsurface infrastructure at the study site. A stem wall that sits 
between the garage and living space and extends into the sub-foundation region helps 
separate monitoring locations. In addition, the lateral pipe that extends from the 
neighborhood land drain system to below the living space (described in Appendix I) may 
influence the subsurface dynamics beneath the living space. It’s possible that both of 
these features played a role in the differences in differential pressures observed between 
the subsurface and indoor air. 
  
2
5
4
 
Table IV.1 
Summary of statistics for the comparison of time-matched sub-slab soil gas differential pressure results at location 5 with other 
in monitoring locations within the building footprint.  
Sub-
slab 
Loc. 
Number of 
Time-matched 
Days for 
Comparison 
10
th
 and 90
th
 Percentile 
Values Span Negative 
and Positive Values 
10
th
 and 90
th
 Percentile 
Values Span Positive 
Only 
10
th
 and 90
th
 Percentile 
Values Span Negative 
Only 
24-h Average 
Value is 
Positive 
24-h Average 
Value is 
Negative 
5 
204 
52.5% 0.5% 47.1% 20.6% 79.4% 
1 52.5% 47.5% 0.0% 93.1% 6.9% 
5 
162 
52.5% 0.6% 46.9% 25.9% 74.1% 
2 56.8% 1.2% 42.0% 25.9% 74.1% 
5 
202 
43.6% 0.5% 55.9% 20.8% 79.2% 
3 64.4% 2.5% 33.2% 34.7% 65.3% 
5 
704 
58.0% 0.3% 41.8% 17.2% 82.8% 
4 55.5% 43.5% 1.0% 84.2% 15.8% 
5 
228 
64.9% 0.4% 34.6% 32.0% 68.0% 
6 64.9% 0.9% 34.2% 32.9% 67.1% 
5 
505 
57.2% 0.2% 42.6% 11.1% 88.9% 
7 42.6% 2.4% 55.0% 12.3% 87.7% 
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APPENDIX V 
SUPPLEMENTAL INFORMATION AND RESULTS FROM INDOOR SOURCE 
RELEASE STUDIES 
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V.1 OVERVIEW 
 The information presented below is supplemental to the field and modeling results 
presented in Chapter 4.  
 
V.2 EXPERIMENTAL APPROACH 
The field data presented below are placed on a timeline consistent with previous 
chapters and publications, where time (t) = 0 being 8:00 AM on 8/15/2010. A summary 
of study-related activities, including soil gas surveys and periods where SF6 release was 
stopped, is shown in Table V.1.  A timeline of the real-time monitoring performed at the 
study house is provided in Table V.2.  
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Table V.1 
Summary of indoor source release study activities. 
Summary of Indoor Source Study Events 
Date Time [d] Event Description 
12/21/2010 128 SF6 release starts 
1/26/2011 164 Soil gas survey 
3/1/2011 198 Soil gas survey 
4/4/2011 232 Soil gas survey 
5/18/2011 276 Soil gas survey 
7/7/2011 326 Soil gas survey 
8/18/2011 368 Soil gas survey 
11/4/2011 446 Soil gas survey 
12/3/2011 475 Soil gas survey 
1/11/2012 514 Soil gas survey 
2/16/2012 550 Soil gas survey 
4/30/2012 624 Soil gas survey 
5/6/2012 630 SF6 release stops 
5/27/2012 651 Soil gas survey 
5/31/2012 655 SF6 release starts 
6/26/2012 681 SF6 release stops 
7/12/2012 697 SF6 release starts 
8/20/2012 736 Soil gas survey 
8/21/2014 1467 SF6 release stops 
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Table V.2 
Timeline for real-time monitoring of SF6 during indoor source release studies. 
Timeline for Real-Time Monitoring of SF
6 
Start Date End Date 
Time Elapsed 
[d] 
Monitoring Locations 
12/21/2010 4/6/2011 106 Indoor air 
4/6/2011 5/12/2011 36 
Indoor air, outdoor air, sub-slab soil gas 
(location 3), 0.9 m below-slab soil gas 
(location 3 and D) 
5/24/2011 5/5/2012 347 
Indoor air, outdoor air, standard gas, sub-
slab soil gas (location 2, 3, 5, and 6) 
5/5/2012 8/14/2012 101 
Indoor air, outdoor air, standard gas, sub-
slab soil gas (location 2, 3, 5, and 6), 0.9 
m below-slab soil gas (location 2, 3, and 
6) 
8/14/2014 10/5/2014 52 
Indoor air, outdoor air, standard gas, sub-
slab soil gas (location 2, 3, and 6), 0.9 m 
below-slab soil gas (location 2, 3, and 6) 
 
V.3 RESULTS AND DISCUSSION 
V.3.1 Long-term release of an indoor source. The long-term study of indoor 
source impacts to indoor air and soil gas began in December 2010 (t = 128 d) and 
continued through August 2012. The results from real-time monitoring of indoor air and 
soil gas, along with the results from synoptic multi-depth soil gas surveys, are shown 
below.  
Figures V.1-V.5 shows 24-h average SF6 concentrations in indoor air or sub-slab 
soil gas during the period from 128 < t < 729 d and includes error bars that span the daily 
maximum and minimum values. During this period, indoor air and sub-slab (SS) soil gas 
SF6 concentrations varied by over two orders-of-magnitude and a similar seasonal trend 
was observed.  
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Figure V.1. 24-h averaged SF6 concentrations in indoor air from winter 2010 through 
summer 2012 with error bars spanning the daily maximum and minimum values. 
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Figure V.2. 24-h averaged SF6 concentrations sub-slab soil gas at location 2 from winter 
2010 through summer 2012 with error bars spanning the daily maximum and minimum 
values. 
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Figure V.3. 24-h averaged SF6 concentrations sub-slab soil gas at location 3 from winter 
2010 through summer 2012 with error bars spanning the daily maximum and minimum 
values. 
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Figure V.4. 24-h averaged SF6 concentrations sub-slab soil gas at location 5 from winter 
2010 through summer 2012 with error bars spanning the daily maximum and minimum 
values. 
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Figure V.5. 24-h averaged SF6 concentrations sub-slab soil gas at location 6 from winter 
2010 through summer 2012 with error bars spanning the daily maximum and minimum 
values. 
 
Figure V.6 presents real-time SF6 concentration data in  indoor air and SS and 0.9 
m below-slab (BS) soil gas at location 3 from 234 d < t < 271 d. In contrast to indoor air 
and SS soil gas, soil gas at 0.9 m BS showed less temporal variation. For the short period 
shown in Figure V.6, soil gas at 0.9 m BS steadily increased in concentration by 
approximately an order of magnitude. During this same period, SS soil gas concentration 
also increased but the data were more sporadic with concentrations fluctuating between 
indoor air and 0.9 m BS levels.  
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Figure V.6. Instantaneous SS soil gas, 0.9 m BS soil gas, and indoor air SF6 
concentrations at location 3 during spring 2011 for the period 232 < t < 271 d. 
 
 The results from synoptic soil gas surveys for SS, 0.9 m BS, and 1.8 m BS depths 
are shown in Tables V.3 to V.5, respectively. To better illustrate the distribution of SF6 in 
the subsurface, the results were plotted as multi-depth contours of SF6 concentrations in 
soil gas at SS, 0.9 m BS, and 1.8 m BS depths. The plots, shown in Figures V.7 to V.17, 
were generated using Surfer 12 software (Golden Software, Golden, CO). The Kriging 
gridding method provided in the software was used to interpolate soil gas concentrations 
between monitoring points.  
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Table V.3  
SF6 concentrations in sub-slab depth soil gas, along with relevant statistics, for surveys 
performed during natural conditions.  
Date of 
Sampling 
Soil Gas Concentration [ppb
v
]  
Sampling Location (SS) 
Garage Indoor Backyard Front yard 
1 4 2 3 5 6 7 A B C E F 
3/1/2011 23 11 156 766 70 115 102 2 1 4 1 2 
4/4/2011 17 7 53 388 57 185 94 1 1 4 0 1 
5/18/2011 50 28 801 935 65 660 239 2 2 6 5 12 
7/7/2011 803 446 1793 1657 452 561 1693 9 8 13 5 30 
8/18/2011 898 549 1034 1470 760 1171 1389 13 11 31 10 19 
11/4/2011 15 4 24 876 36 626 223 8 6 1 1 4 
12/3/2011 10 2 50 96 21 484 7 4 13 4 1 1 
1/11/2012 13 3 89 281 69 54 56 3 3 6 7 1 
2/16/2012 18 5 77 564 36 28 88 9 3 8 7 8 
4/30/2012 54 22 602 587 391 870 943 10 5 13 8 14 
8/20/2012 2378 1316 2315 3072 1433 2849 2206 52 47 51 10 60 
                          
Mean 389 218 636 972 308 691 640 10 9 13 5 14 
Median 23 11 156 766 69 561 223 8 5 6 5 8 
Standard 
Deviation 738 414 790 842 443 801 786 14.5 13.4 15.1 3.8 17.9 
Maximum 2378 1316 2315 3072 1433 2849 2206 52 47 51 10 60 
Minimum 10 2 24 96 21 28 7 1 1 1 0 1 
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Table V.4 
SF6 concentrations in 0.9 m below-slab depth soil gas, along with relevant statistics, for 
surveys performed during natural conditions.  
Date of 
Sampling 
Soil Gas Concentration [ppb
v
]  
Soil Gas Location (0.9 m BS) 
Garage Indoor Backyard Front yard 
1 4 2 3 5 6 A B C D E F 
3/1/2011 15 48 55 6 19 34 3 4 3 4 1 2 
4/4/2011 10 90 67 3 30 34 1 1 3 2 1 1 
5/18/2011 38 195 100 12 94 41 2 1 9 1 2 1 
7/7/2011 601 1402 1194 437 1190 420 2 NS 14 15 13 13 
8/18/2011 1017 1399 1149 746 1243 467 7 11 38 19 13 22 
11/4/2011 18 171 92 10 188 37 7 NS 1 3 1 6 
12/3/2011 8 67 18 5 39 19 4 2 4 1 0 2 
1/11/2012 7 27 22 7 14 20 7 8 17 2 2 4 
2/16/2012 9 81 97 6 24 44 2 3 6 3 7 3 
4/30/2012 30 301 204 14 143 87 7 2 54 4 2 3 
8/20/2012 1907 2767 2709 1244 2551 1137 54 41 118 38 26 49 
                          
Mean 333 595 519 226 503 213 9 8 24 8 6 10 
Median 18 171 97 10 94 41 4 3 9 3 2 3 
Standard 
Deviation 618 887 849 416 822 347 15.3 12.7 35.3 11.4 8.2 14.6 
Maximum 1907 2767 2709 1244 2551 1137 54 41 118 38 26 49 
Minimum 7 27 18 3 14 19 1 1 1 1 0 1 
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Table V.5 
SF6 concentrations in 1.8 m below-slab depth soil gas, along with relevant statistics, for 
surveys performed during natural conditions.  
Date of 
Sampling 
Soil Gas Concentration [ppb
v
]  
Soil Gas Location (1.8 m BS) 
Garage Indoor Front yard 
1 4 2 3 5 6 C D E F 
3/1/2011 12 24 17 6 10 7 3 3 2 1 
4/4/2011 4 51 NS 1 8 7 2 1 1 NS 
5/18/2011 10 62 NS 9 17 NS 2 10 3 NS 
7/7/2011 154 757 NS 215 328 45 3 16 11 2 
8/18/2011 630 1151 1002 596 940 130 16 22 13 8 
11/4/2011 19 264 45 11 265 31 1 5 2 7 
12/3/2011 16 24 7 3 21 3 1 2 2 3 
1/11/2012 3 11 9 6 3 3 3 3 6 2 
2/16/2012 3 23 22 3 4 2 3 4 1 2 
4/30/2012 23 96 74 38 14 13 6 13 3 4 
8/20/2012 1503 2600 2661 932 1967 921 135 37 27 31 
                      
Mean 216 460 480 166 325 116 16 10 6 7 
Median 16 62 33 9 17 10 3 5 3 3 
Standard 
Deviation 466 801 945 312 614 285 39.7 10.9 8.0 9.4 
Maximum 1503 2600 2661 932 1967 921 135 37 27 31 
Minimum 3 11 7 1 3 2 1 1 1 1 
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Figure V.7. Contour plots of SF6 concentrations in soil gas at depths of SS, 0.9 m BS, and 
1.8 m BS from synoptic soil gas survey in March 2011. 
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Figure V.8. Contour plots of SF6 concentrations in soil gas at depths of SS, 0.9 m BS, and 
1.8 m BS from synoptic soil gas survey in April 2011. 
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Figure V.9. Contour plots of SF6 concentrations in soil gas at depths of SS, 0.9 m BS, and 
1.8 m BS from synoptic soil gas survey in May 2011. 
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Figure V.10. Contour plots of SF6 concentrations in soil gas at depths of SS, 0.9 m BS, 
and 1.8 m BS from synoptic soil gas survey in July 2011. 
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Figure V.11. Contour plots of SF6 concentrations in soil gas at depths of SS, 0.9 m BS, 
and 1.8 m BS from synoptic soil gas survey in August 2011. 
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Figure V.12. Contour plots of SF6 concentrations in soil gas at depths of SS, 0.9 m BS, 
and 1.8 m BS from synoptic soil gas survey in November 2011. 
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Figure V.13. Contour plots of SF6 concentrations in soil gas at depths of SS, 0.9 m BS, 
and 1.8 m BS from synoptic soil gas survey in December 2011.  
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Figure V.14. Contour plots of SF6 concentrations in soil gas at depths of SS, 0.9 m BS, 
and 1.8 m BS from synoptic soil gas survey in January 2012. 
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Figure V.15. Contour plots of SF6 concentrations in soil gas at depths of SS, 0.9 m BS, 
and 1.8 m BS from synoptic soil gas survey in February 2012. 
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Figure V.16. Contour plots of SF6 concentrations in soil gas at depths of SS, 0.9 m BS, 
and 1.8 m BS from synoptic soil gas survey in April 2012. 
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Figure V.17. Contour plots of SF6 concentrations in soil gas at depths of SS, 0.9 m BS, 
and 1.8 m BS from synoptic soil gas survey in August 2012. 
 
V.3.2 Indoor source introduction and removal tests. Field studies to simulate 
the removal of indoor sources that may occur during or prior to VI site investigations 
occurred from 630 d < t < 655 d, 655 d < t < 695 d, and 1460 d < t < 1512 d. The indoor 
air and soil gas SF6 concentration results from these tests are shown in Figures V.18 to 
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26. Due to computer and remote access issues, there are multi-day gaps of data for the 
first tests (630 d < t < 655 d). Nonetheless, the general trend is still visible. For the 
second test (655 d < t < 695 d), the introduction of the source was also monitored.  
 
 
Figure V.18. Instantaneous SF6 concentrations in indoor air and SS and 0.9 m BS soil gas 
at location 2 from 630 d < t < 655 d showing the results of introduction and removal of an 
indoor source. 
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Figure V.19. Instantaneous SF6 concentrations in indoor air and SS and 0.9 m BS soil gas 
at location 3 from 630 d < t < 655 d showing the results of introduction and removal of an 
indoor source. 
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Figure V.20. Instantaneous SF6 concentrations in indoor air and SS and 0.9 m BS soil gas 
at location 6 from 630 d < t < 655 d showing the results of introduction and removal of an 
indoor source. 
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Figure V.21. Instantaneous SF6 concentrations in indoor air and SS and 0.9 m BS soil gas 
at location 2 from 655 d < t < 695 d showing the results of introduction and removal of an 
indoor source. 
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Figure V.22. Instantaneous SF6 concentrations in indoor air and SS and 0.9 BS soil gas at 
location 3 from 655 d < t < 695 d  along with corresponding attenuation factors 
calculated from 24-h averaged indoor air and soil gas concentrations showing the results 
of introduction and removal of an indoor source. 
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Figure V.23. Instantaneous SF6 concentrations in indoor air and SS and 0.9 m BS soil gas 
at location 6 from 655 d < t < 695 d showing the results of introduction and removal of an 
indoor source. 
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Figure V.24. Instantaneous SF6 concentrations in indoor air and SS and 0.9 m BS soil gas 
at location 2 from 1460 d < t < 1512 d showing the results of indoor source removal after 
modification of subsurface pathway. 
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Figure V.25. Instantaneous SF6 concentrations in indoor air and SS and 0.9 m BS soil gas 
at location 6 from 1460 d < t < 1512 d showing the results of indoor source removal after 
modification of subsurface pathway. 
 
 V.3.3 Indoor source modeling studies. Modeling was performed using the three-
dimensional, multicomponent, numerical model developed by Abreu and Johnson (2005) 
and updated by Luo (2009). It was modified to include indoor source release to indoor air 
at a constant emission rate. 
The objective of these simulations was to examine if modeling would mimic the 
field results and possibly provide insight about indoor source removal under scenarios 
that are different from the field conditions. To do this, the simulation involved two time 
periods: (a) creation of the subsurface soil gas plume at a constant differential pressure 
between outdoor air and indoor air (i.e., disturbance pressure) for 720 h and (b) removal 
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of the indoor source and continued monitoring at a constant disturbance pressure for 1440 
h.  Table V.6 provides details on the four simulations run. Input parameters used to run 
the simulations are shown in Table V.7. Plan and side view schematics of the model 
domain are shown in Figures V.26 and V.27 and include sampling locations and other 
relevant details. 
As shown in Table V.6, the subsurface soil gas plume was generated at a 
disturbance pressure of -2 Pa (advective flow into the subsurface). Figure V.28 shows the 
resulting subsurface soil gas plume at depths of  SS (0.15 m below building slab), 1 m 
BS, and 1.8 m BS in a multi-level soil gas contour plot after 720 h of indoor source 
release. Figure V.28 shows that SF6 soil gas concentrations at the end of the first model 
phase were greatest below the building foundation and along the perimeter crack.  
For the second part of the simulation, the indoor source was removed and a range of 
different disturbance pressures were selected to observe the effects of source removal 
under different building pressure under- and over-pressurization conditions. Figures V.29 
to V.32 show the results for the four simulations following source removal. The plots 
show SF6 concentrations in indoor air and soil gas at location A and B highlighted in 
Figure V.26.  For location A, soil gas is shown at SS (0.15 m below building slab) and 1 
m BS.  For location B, only SS soil gas is presented since concentrations at 1 m BS were 
within 10% of SS values. 
 The simulation results for location A are most similar to the removal test results 
from the field studies.  For example, prior to removal of the indoor source, SF6 
concentrations in indoor air and soil gas at location A were within a factor of two. After 
removal of the indoor source, SS soil gas concentrations decreased to levels below those 
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of 1 m BS.  The results from location B are quite different than the results from the field 
studies, but still indicate that indoor source-created soil gas plumes can remain in the 
subsurface for extensive periods after indoor source removal.  The difference between 
location A and B is related to their proximity to the crack; thus location B sees 
significantly less advective flow than location A.
  
2
9
0
 
Table V.6 
Summary of indoor source modeling scenarios.  
  Creation of Subsurface Soil Gas Plume Removal of Indoor Source 
Simulation 
# 
Indoor source* 
emission rate [g/s] 
Disturbance pressure 
(P
outdoor
-P
indoor
) [Pa] 
Simulation 
time [h] 
Disturbance pressure 
(P
outdoor
-P
indoor
) [Pa] 
Simulation 
time [h] 
1 4.00E-04 -2 720 -2 1440 
2 4.00E-04 -2 720 2 1440 
3 4.00E-04 -2 720 5 1440 
4 4.00E-04 -2 720 10 1440 
*Chemical-specific properties of sulfur hexafluoride (SF6) were used in simulations 
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Table V.7 
Input parameters used in generating simulations described in Table V.6.  
Input Parameters used in generating indoor source simulations 
Building/foundation parameters 
 
Length: 11 m 
Width: 10 m  
Depth in soil: 1.0 m 
Foundation thickness: 0.15 m 
Gravel pack layer: 0.3 m 
Enclosed space volume: 350 m
3 
Air exchange rate: 0.5 h
-1
 
Crack width: 0.001 m 
Total crack length: 32 m 
Crack location: perimeter 
 
Indoor air source properties 
 
Compound: sulfur hexafluoride (SF6) 
Emission rate to indoor air:  
 0.4 mg/s 
Molecular diffusion coefficient in air (D
a
):  
 6.1E-2 cm2/s 
Molecular diffusion coefficient in water 
(D
w
):  
 1.2E-5 cm2/s 
Henry’s Law constant (H):  
 170.4 m3-water/m3-vapor 
Sorption coefficient of compound to 
organic carbon (Koc): 
 13.5 g/g-oc 
Atmospheric concentration: negligible 
Soil Properties 
 
Layer 1 (gravel pack): 
Soil bulk density (ρb): 1700 kg/m
3 
Mass fraction of organic carbon in soil (foc): 
0.001 kg-oc/kg-soil 
Moisture-filled porosity (ɸw): 0.03 m
3
-H2O/m
3
-
soil 
Total soil porosity (ɸT): 0.40 m
3
-voids/m
3
-soil 
Soil permeability to soil gas flow (Kg): 1E-6 cm
2 
Soil gas phase dynamic viscosity: 1.8E-4 g/cm/s 
 
Layer 2 (backfill):  
Soil bulk density (ρb): 1700 kg/m
3 
Mass fraction of organic carbon in soil (foc): 
0.001 kg-oc/kg-soil 
Moisture-filled porosity (ɸw): 0.13 m
3
-H2O/m
3
-
soil 
Total soil porosity (ɸT): 0.35 m
3
-voids/m
3
-soil 
Soil permeability to soil gas flow (Kg): 1E-8 cm
2 
Soil gas phase dynamic viscosity: 1.8E-4 g/cm/s 
 
Soil domain dimensions (x, y, z) 
 27 m x 25 m x 3 m 
 
Algorithm parameters 
 
Numerical scheme: implicit (steady-state) 
Disturbance pressure subroutine: 
 Variable time step: 0.1 s – 10 h 
 Percent change allowed/time step: 50% 
Concentration subroutine: 
 Variable time step: 10 s – 10 h  
 Percent change allowed/time step: 50-
80%  
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Figure V.26.  Plan view schematic of model domain, including sampling locations. 
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Figure V.27. Side view schematic of model domain, including sampling locations below 
the building  
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Figure V.28. Contour plots of simulated SF6 soil gas concentration at depths of sub-slab 
(SS), 1 m BS, and 1.8 m BS following 720 h of indoor source release with a -2 Pa 
building over-pressurization condition. 
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Figure V.29. Simulation 1 (over-pressurization following indoor source release stop) 
results showing SF6 concentrations in indoor air and soil gas at sub-slab (SS) and 1 m BS 
depths at locations A and B following indoor source removal. 
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Figure V.30. Simulation 2 (under-pressurization following indoor source release stop) 
results showing SF6 concentrations in indoor air and soil gas at sub-slab (SS) and 1 m BS 
depths at locations A and B following indoor source removal. 
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Figure V.31. Simulation 3 (under-pressurization following indoor source release stop) 
results showing SF6 concentrations in indoor air and soil gas at sub-slab (SS) and 1 m BS 
depths at locations A and B following indoor source removal. 
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Figure V.32. Simulation 4 (under-pressurization following indoor source release stop) 
results showing SF6 concentrations in indoor air and soil gas at sub-slab (SS) and 1 m BS 
depths at locations A and B following indoor source removal. 
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APPENDIX VI 
 SUPPLEMENTAL RESULTS FROM GROUNDWATER, SOIL GAS, AND AIR 
MONITORING DURING CONTROLLED PRESSURE METHOD TESTING 
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VI.1 OVERVIEW 
 The information presented below is supplemental to the previous chapters, 
predominantly Chapter 5. The data were collected under depressurized conditions from 
August 2012 to July 2013 (d) at the study site described in Appendix I. The data are 
placed on a timeline consistent with previous chapters and publications (Holton et al., 
2013; Holton et al., 2015), where time (t) = 0 being 8:00 AM on 8/15/2010. The data are 
presented from the beginning of the vapor intrusion (VI) pathway (groundwater) to the 
end (indoor and outdoor air). For details on the materials and methods used in collecting 
this data, see Appendix II.  
 
VI.2 RESULTS AND DISCUSSION 
VI.2.1 Groundwater. Sampling of groundwater occurred during field survey 
events and analysis occurred shortly after at Arizona State University. Figure VI.1 shows 
TCE concentrations in groundwater from indoor sampling points and groundwater depth 
below slab from August 2010 to July 2013(-11 < t < 1073 d). The plot separates natural 
conditions and depressurized conditions into Phases I and II.   
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Figure VI.1. Average TCE concentration of groundwater samples collected below the 
building foundation at 2.7 m (9 ft) below-slab (BS) and groundwater depth below slab at 
GW3 from August 2010 to July 2013. 
 
VI.2.2 Soil gas. Similar to monitoring under natural conditions, soil gas was 
analyzed for a suite of CVOCs (discussed in Appendix II) during depressurized 
conditions. Figures VI.2-VI.5 show multi-depth contour plots of TCE concentrations in 
soil gas at sub-slab (SS), 0.9 m below-slab (BS), and 1.8 m BS depths. The plots were 
generated using Surfer 12 software (Golden Software, Golden, CO). The Kriging 
gridding method provided in the software was used to interpolate soil gas concentrations 
between monitoring points. 
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The plots show the impacts of controlled pressure methods (CPM) testing on 
shallow soil gas. As discussed briefly in Chapters 4, 5, and 6, the sub-foundation gravel 
zone is connected to a local land drain system through a lateral pipe running across the 
southern border of the property. The lateral pipe and land drain system may have acted as 
an alternate pathway for vapors to enter the building during both natural and 
depressurized conditions; however additional testing is needed to confirm the extent of 
the impacts from this pathway.  
 303 
 
Figure VI.2. Multi-depth contour plot of TCE in soil gas for samples collected and 
analyzed from November 1
st
 to November 5
th
, 2012. 
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Figure VI.3. Multi-depth contour plot of TCE in soil gas for samples collected and 
analyzed from December 12
th
 to December 13
th
, 2012. 
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Figure VI.4. Multi-depth contour plot of TCE in soil gas for samples collected and 
analyzed from February 10
th
 to February 11
th
, 2013. 
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Figure VI.5. Multi-depth contour plot of TCE in soil gas for samples collected and 
analyzed from May 23
rd
 to May 24
th
, 2013.  
 
 VI.2.3 Indoor air. During both natural and CPM testing condition, indoor air was 
monitored for radon. Figure VI.6 shows 24 h average values of indoor air radon 
concentrations during natural conditions with error bars spanning the maximum and 
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minimum real-time values in each day. The results shown in Figure VI.6 were used for 
generating the radon emission rate values shown in Figure 5.4 in Chapter 5.  
 
Figure VI. 6. 24 h average indoor air radon concentrations with error bars spanning the 
maximum and minimum real-time values for each day during natural conditions (170 d < 
t < 673 d). 
 
VI.2.4 Outdoor air. Outdoor air was monitored weekly during the long-term 
CPM testing to assess background levels. Figure VI.7 shows outdoor air TCE 
concentrations collected on sorbent tubes over a 4-h period and analyzed with thermal 
desorption and GC/MS. For comparison, the MDL for this method is shown on the plot. 
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Figure VI.7. Outdoor air TCE concentrations measured by sorbent tubes from August 
2012 to July 2013. 
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VII.1 OVERVIEW 
 This appendix provides a summary of the activities performed at the study site, 
including synoptic groundwater and soil gas surveys, during both natural and 
depressurized conditions from February 2010 through July 2013 (-179 < t < 1074 d). 
Table VII.1 shows a list of site activities that occurred during this period.   
 
Table VII.1 
Summary of site activities during natural and depressurized conditions from February 
2010 through July 2013. 
Description of Site Activity  Date 
Time 
[d] 
February 2010 Event - Start 2/17/2010 -179 
Indoor air monitoring with HAPSITE GC/MS - Start 2/17/2010 -179 
Drilling - Presale inspection  2/18/2010 -178 
Groundwater wells purged 2/23/2010 -173 
Groundwater sampling  2/23/2010 -173 
Soil gas sampling 2/23/2010 -173 
February 2010 Event - End 2/24/2010 -172 
August 2010 Event - Start 8/2/2010 -13 
Groundwater wells purged 8/3/2010 -12 
Groundwater sampling  8/4/2010 -11 
Soil gas sampling - Start 8/5/2010 -10 
Soil gas sampling - End 8/10/2010 -5 
Data acquisition system (dP, T, SM, etc.) - Start 8/15/2010 0 
ESTCP-SERDP VI Conference: House Tour 8/17/2010 2 
August 2010 Event - End 8/17/2010 2 
µGC Project: House Occupancy - Starts 8/17/2010 2 
µGC Project: Box fan on low in pink room: 9:45 8/18/2010 3 
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Description of Site Activity  Date 
Time 
[d] 
µGC Project: Box fan on low in pink room: 8:45 - 18:00 8/19/2010 4 
µGC Project: Box fan on low in pink room: 8:45 - 18:00 8/20/2010 5 
µGC Project: Box fan on low in pink room: "afternoon" - 
22:00 
8/23/2010 8 
µGC Project: Box fan on low in pink room: 9:00 - 14:00 8/24/2010 9 
µGC Project: Box fan on low in pink room: 10:00 - 17:00 8/25/2010 10 
µGC Project: Box fan on low in pink room: 12:00 - 18:00 8/26/2010 11 
µGC Project: Box fan on low in pink room: 10:00 - 15:00  8/28/2010 13 
µGC Project: Box fan on high in pink room: 3 hours 8/30/2010 15 
µGC Project: Box fan on low in pink room: 12:00 - 18:00 8/31/2010 16 
µGC Project: Box fan on low in pink room: 12:00 - 18:00 9/1/2010 17 
µGC Project: Box fan on low in pink room: 11:00 - 18:30 9/2/2010 18 
µGC Project: Box fan on low in pink room: during two 
periods (no time given) 
9/6/2010 22 
µGC Project: Box fan on low in pink room: 12:00 - 18:00 9/7/2010 23 
µGC Project: Box fan on low in pink room: 10:00 - 20:00 9/8/2010 24 
µGC Project: Box fan on low in pink room: 12:00 - 20:00 9/9/2010 25 
µGC Project: Aired out house (neutral pressure) 9/14/2010 30 
µGC Project: Aired out house, followed by fan on low with 
other windows closed 
9/15/2010 31 
µGC Project: Aired out house, followed by fan on low with 
other windows closed 
9/18/2010 34 
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Description of Site Activity  Date 
Time 
[d] 
µGC Project: Box fan on low in pink room: 13:00 9/20/2010 36 
µGC Project: Aired out house (neutral pressure) 9/21/2010 37 
µGC Project: Aired out house (neutral pressure) 9/22/2010 38 
µGC Project: Aired out house (neutral pressure) 9/23/2010 39 
µGC Project: Aired out house (neutral pressure) 9/24/2010 40 
µGC Project: House Occupancy - Ends 9/24/2010 40 
GSI Project: House Occupancy - Starts 10/1/2010 47 
GSI Project: SF6 Release - Starts: 17:00 10/1/2010 47 
GSI Project: Introduced two indoor sources: Lysol Toilet 
Cleaner with Bleach (CCl4) and plastic Halloween 
decorations (1,2-DCA) 
10/1/2010 47 
GSI Project: Baseline pressure sampling: 6:45 - 16:30 10/2/2010 48 
GSI Project: Negative pressure sampling: 6:45 - 16:00 10/3/2010 49 
GSI Project: Positive pressure sampling: 6:45 - 18:40 10/4/2010 50 
GSI Project: Baseline pressure sampling: 6:45 10/5/2010 51 
GSI Project: Negative pressure sampling: 6:50 10/6/2010 52 
GSI Project: Positive pressure sampling: 6:45 10/7/2010 53 
TCE/other sources in garage fridge removed from building: 
11:45 
10/8/2010 54 
Sprinkler system turned off 10/22/2010 68 
November 2010 Event - Start 11/11/2010 88 
Groundwater wells purged 11/12/2010 89 
Groundwater sampling  11/13/2010 90 
Soil gas sampling - Start 11/13/2010 90 
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Description of Site Activity  Date 
Time 
[d] 
Soil gas sampling - End 11/15/2010 92 
Indoor air monitoring with thermal desorption tubes - Start 11/16/2010 93 
Blower system - Start: 1800 11/16/2010 93 
Blower system - End: 7:00 11/17/2010 94 
November 2010 Event - End 11/17/2010 94 
December 2010 Event - Start 12/16/2010 123 
Groundwater wells purged 12/16/2010 123 
Groundwater sampling  12/16/2010 123 
Soil gas sampling - Start 12/17/2010 124 
Soil gas sampling - End 12/20/2010 127 
SF6 release and monitoring - Start 12/21/2010 128 
December 2010 Event - End 12/21/2010 128 
January 2011 Event - Start 1/25/2011 163 
Soil gas sampling 1/26/2011 164 
Radon monitoring - Start 1/31/2011 169 
Groundwater wells purged 1/31/2011 169 
Indoor air survey for SF6 2/1/2011 170 
Groundwater sampling  2/1/2011 170 
January 2011 Event - End 2/1/2011 170 
February 2011 Event - Start 2/28/2011 197 
Soil gas sampling - Start 2/28/2011 197 
Soil gas sampling - End 3/4/2011 201 
Groundwater wells purged 3/7/2011 204 
Groundwater sampling 3/8/2011 205 
February 2011 Event - End 3/8/2011 205 
March-April 2011 Event - Start 3/27/2011 224 
Soil gas sampling - Start 3/30/2011 227 
Soil gas sampling - End 4/3/2011 231 
Groundwater wells purged 4/4/2011 232 
Groundwater sampling 4/5/2011 233 
March-April 2011 Event - End 4/6/2011 234 
May 2011 Event - Start 5/17/2011 275 
Soil gas sampling - Start 5/18/2011 276 
Soil gas sampling - End 5/20/2011 278 
Groundwater wells purged 5/23/2011 281 
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Description of Site Activity  Date 
Time 
[d] 
Groundwater sampling 5/24/2011 282 
May 2011 Event - End 5/25/2011 283 
July 2011 Event - Start 7/6/2011 325 
Soil gas sampling -Start 7/7/2011 326 
Groundwater wells purged 7/9/2011 328 
Soil gas sampling - End 7/11/2011 330 
Groundwater sampling 7/11/2011 330 
July 2011 Event - End 7/14/2011 333 
August 2011 Event - Start 8/17/2011 367 
Soil gas sampling - Start 8/18/2011 368 
Soil gas sampling - End 8/20/2011 370 
Radon sampling - Start 8/20/2011 370 
Groundwater wells purged 8/21/2011 371 
Groundwater sampling 8/22/2011 372 
Diffusion test - Start 8/22/2011 372 
Radon sampling - End 8/23/2011 373 
Diffusion test - End 8/23/2011 373 
August 2011 Event - End 8/24/2011 374 
September 2011 Event - Start 9/28/2011 409 
Soil gas sampling - Start 9/28/2011 409 
Soil gas sampling - End 9/30/2011 411 
Next door neighbor cleaning truck (potential source of PCE): 
18:00  
9/28/2011 409 
Radon sampling - Start 10/1/2011 412 
Groundwater wells purged 10/1/2011 412 
Groundwater sampling 10/2/2011 413 
Radon sampling - End 10/2/2011 413 
September 2011 Event - End 10/3/2011 414 
November 2011 Event - Start 11/2/2011 444 
Soil gas sampling - Start 11/4/2011 446 
Soil gas sampling - End 11/5/2011 447 
Radon sampling - Start 11/4/2011 446 
Groundwater wells purged 11/5/2011 447 
Groundwater sampling 11/6/2011 448 
Radon sampling - End 11/6/2011 448 
November 2011 Event - End 11/8/2011 450 
December 2011 Event - Start 12/2/2011 474 
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Description of Site Activity  Date 
Time 
[d] 
Soil gas sampling - Start 12/3/2011 475 
Soil gas sampling - End 12/4/2011 476 
Radon sampling - Start 12/3/2011 475 
Groundwater wells purged 12/4/2011 476 
Groundwater sampling 12/5/2011 477 
Radon sampling - End 12/5/2011 477 
December 2011 Event - End 12/7/2011 479 
January 2012 Event -Start 1/10/2012 513 
Soil gas sampling - Start 1/11/2012 514 
Soil gas sampling - End 1/13/2012 516 
Radon sampling - Start 1/12/2012 515 
Groundwater wells purged 1/13/2012 516 
Groundwater sampling 1/14/2012 517 
Radon sampling - End 1/14/2012 517 
January 2012 Event -End 1/15/2012 518 
February 2012 Event - Start 2/15/2012 549 
Soil gas sampling - Start 2/16/2012 550 
Soil gas sampling - End 2/17/2012 551 
Radon sampling - Start 2/18/2012 552 
Groundwater sampling 2/20/2012 554 
Radon sampling - End 2/20/2012 554 
Fake rain event, sprinklers on for 30 minutes for Colorado 
School of Mines study: 11:00  
2/20/2012 554 
February 2012 Event - End 2/20/2012 554 
March 2012 Event - Start 3/28/2012 591 
Calibrated GC/PDD and GC/ECD 3/28/2012 591 
Fixed clog in rain gauge.  3/28/2012 591 
March 2012 Event - End 3/29/2012 592 
April-May 2012 Event - Start 4/29/2012 623 
Soil gas sampling - Start 4/30/2012 624 
Soil gas sampling - End 5/1/2012 625 
Groundwater wells purged 5/2/2012 626 
Groundwater sampling 5/3/2012 627 
Radon sampling - Start 5/1/2012 625 
Radon sampling - End 5/3/2012 627 
Re-calibrated pressure sensors 5/4/2012 628 
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Description of Site Activity  Date 
Time 
[d] 
April-May 2012 Event - End 5/6/2012 630 
May 2012 Event - Start  5/26/2012 650 
Soil gas sampling - Start 5/27/2012 651 
Soil gas sampling - End 5/28/2012 652 
Radon sampling - Start 5/28/2012 652 
Radon sampling - End 5/29/2012 653 
Groundwater wells purged 5/29/2012 653 
Groundwater sampling 5/30/2012 654 
Diffusion test - Start 5/29/2012 653 
Diffusion test - End 5/30/2012 654 
May 2012 Event - End 5/31/2012 655 
July 2012 Event - Start 7/11/2012 696 
Calibrated GC/PDD and GC/ECD 7/11/2012 696 
July 2012 Event - End 7/12/2012 697 
August 2012 Event - Start 8/19/2012 735 
Soil gas sampling - Start 8/20/2012 736 
Soil gas sampling - End 8/21/2012 737 
Radon sampling - Start 8/22/2012 738 
Radon sampling - End 8/25/2012 741 
Groundwater wells purged 8/25/2012 741 
Groundwater sampling 8/26/2012 742 
Diffusion test - Start 8/21/2012 737 
Diffusion test - End 8/22/2012 738 
Phase II - Initial depressurization testing 8/25/2012 741 
August 2012 Event - End 8/26/2012 742 
September 2012 - Field trip - Start 9/6/2012 753 
Differential pressure sensor testing and reconfiguration of 
blower fans 
9/7/2012 754 
September 2012 - Field trip - End 9/10/2012 757 
October 2012 - Field trip - Start 10/2/2012 779 
Calibrated GC/PDD and GC/ECD 10/3/2012 780 
October 2012 - Field trip - End 10/4/2012 781 
Both blowers turned on - WebSwitch crashed - Start 10/29/2012 806 
Both blowers turned on - WebSwitch crashed - End 10/30/2012 807 
November 2012 Event - Start 10/30/2012 807 
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Description of Site Activity  Date 
Time 
[d] 
Soil gas sampling - Start 10/31/2012 808 
Soil gas sampling - End 11/4/2012 812 
Radon sampling - Start 11/1/2012 809 
Radon sampling - End 11/5/2012 813 
Groundwater wells purged 11/4/2012 812 
Groundwater sampling 11/5/2012 813 
November 2012 Event - End 11/8/2012 816 
Computers compromised - lost data from ECD, dP data 
loggers, etc. - Start 
11/19/2012 827 
Computers compromised - lost data from ECD, dP data 
loggers, etc. - End 
12/6/2012 844 
December 2012 - Start 12/11/2012 849 
Soil gas sampling - Start 12/12/2012 850 
Soil gas sampling - End 12/13/2012 851 
Radon sampling - Start 12/13/2012 851 
Radon sampling - End 12/14/2012 852 
Groundwater wells purged 12/14/2012 852 
Groundwater sampling 12/15/2012 853 
December 2012 - End 12/17/2012 855 
February 2013 - Start 2/9/2013 909 
Soil gas sampling - Start 2/10/2013 910 
Soil gas sampling - End 2/11/2013 911 
Radon sampling - Start 2/9/2013 909 
Radon sampling - End 2/12/2013 912 
Groundwater wells purged 2/12/2013 912 
Groundwater sampling 2/13/2013 913 
February 2013 - End 2/15/2013 915 
Sprinkler system turned on 10-min daily cycle 5/1/2013 990 
May 2013 - Start 5/21/2013 1010 
Soil gas sampling - Start 5/22/2013 1011 
Soil gas sampling - End 5/24/2013 1013 
Radon sampling - Start 5/25/2013 1014 
Radon sampling - End 5/26/2013 1015 
Groundwater wells purged 5/25/2013 1014 
Performed land survey 5/26/2013 1015 
Groundwater sampling 5/26/2013 1015 
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Description of Site Activity  Date 
Time 
[d] 
Performed SF6 testing (re-circulation) 5/26/2013 1015 
Opened manhole (down street), injected helium gas for tracer 
test. The opening of the manhole temporarily interrupted the 
depressurized conditions. 
5/27/2013 1016 
A/C turned on - set at 80°F: 14:00 5/28/2013 1017 
May 2013 - End 5/28/2013 1017 
Blower speed reduced from "high" to "low": 7:50 6/26/2013 1046 
July field trip - Start 7/16/2013 1066 
Blower speed increased from "low" to "high": 14:39  7/19/2013 1069 
Pressure sensors calibrated  7/19/2013 1069 
Groundwater wells purged 7/22/2013 1072 
Land drain uncovered and opened: 11:54 7/22/2013 1072 
Land drain closes and foundation modifications completed 7/22/2013 1072 
Groundwater sampling 7/23/2013 1073 
July field trip - End 7/24/2013 1074 
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APPENDIX VIII 
EVALUATION OF THE RELATIONSHIP BETWEEN SELECTED 
ENVIRONMENTAL FACTORS AND INDOOR AIR CONCENTRATIONS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 320 
VIII.0 ABSTRACT 
Recommendations provided by vapor intrusion (VI) guidance for assessment of 
the VI pathway vary across federal, state, and local levels. Common amongst many 
guidance documents is the use of environmental factors to support decision-making. 
Currently, there is little peer-reviewed literature available to support or discourage this 
practice. This 2.5 year study evaluated the relationship between indoor air concentrations 
of TCE and selected environmental factors at a VI study site. Indoor air sampling 
occurred on 2–4 h intervals and environmental factors (e.g., temperature, wind speed, 
rainfall) were recorded every 2–10 min to provide an improved understanding of the use 
of weather data and other environmental factors in assessment approaches. The results 
show the strongest correlation between indoor air concentrations and differential 
temperature (outdoor –indoor), but the strength of that relationship was relatively weak. 
While the results only provide insight for a single house, they suggest some potential 
limitations of current VI decision-making practices. 
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VIII.1 INTRODUCTION 
 Vapor intrusion (VI), the migration of volatile organic compounds (VOCs) from 
contaminated soil or groundwater to indoor air of overlying buildings, poses potential 
health hazards to building occupants. To assess the significance of the VI pathway, 
guidance documents have been developed by federal, state, and industry groups (USEPA, 
2002; USEPA, 2012a; DOD, 2009; MDEP, 2011; CDTSC, 2011; NJDEP, 2013; API, 
2005; ITRC, 2007). Most guidance documents currently in use follow a multiple-lines-of-
evidence (MLE) approach to aid risk assessment and decision making. The MLE 
approach typically involves the collection of groundwater, soil gas, and indoor air for 
chemical analysis, along with screening-level or more complex transport modeling. The 
results of indoor air sampling tend to be the most heavily weighted, since they are the 
most direct measurement of occupant exposure.  
Temporal variability of indoor air concentrations, along with the presence of 
indoor sources of VOCs in many consumer products, makes interpretation of indoor air 
sampling results difficult.  Current draft guidance from the U.S. Environmental 
Protection Agency (USEPA) doesn’t provide a recommendation for the number of 
sampling rounds necessary to understand temporal variability and evaluate occupant risk, 
but suggests that a single round may be inadequate (USEPA, 2002; USEPA, 2012a). To 
support the representativeness of sampling results and aid in the decision-making process, 
many guidance documents recommend collection of meteorological data during sample 
collection (ITRC, 2007; CDTSC, 2011; NJDEP, 2013).  This may be limited to written 
field observations of conditions or involve collection of data from on-site or nearby 
meteorological stations.  
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For example, USEPA recommends sampling during the winter or heating season, 
since it is believed that thermal stack effects caused by indoor-outdoor temperature 
differences may lead to increased vapor entry (USEPA, 2012a). The Department of 
Defense’s Vapor Intrusion Handbook recommends that indoor air samples be collected 
during at least two different time periods, such as one in winter and one in summer, to 
help understand the seasonality of building parameters and vapor migration (DOD, 
2009). Likewise, the New Jersey Department of Environmental Protection (NJDEP) 
recommends multiple rounds of indoor air sampling, unless samples are taken between 
November 1
st
 and March 31
st
 (i.e., the “heating season”) (NJDEP, 2013). The approaches 
highlighted in the above guidance examples are related to the seasonal variability 
associated with indoor-outdoor temperature differences, but other factors, such as wind, 
precipitation, and barometric pressure, also may influence soil gas migration and VI.  
The claims highlighted above are based on limited research studies on both radon 
and VOC VI. To date, very few studies have collected sufficient data to evaluate the 
utility of collecting meteorological data during VI investigations. Past studies focusing on 
the relationship between environmental factors and VI have mainly focused on the 
improvement or development of VI models (Riley et al., 1999; Shen et al., 2012; Song et 
al., 2014).  
Recent long-term indoor air monitoring studies by USEPA (2012b) and Holton et 
al. (2013) showed temporal variability of indoor air concentrations followed seasonal 
patterns with the highest concentrations occurring in the late fall to early spring and the 
lowest concentrations occurring in the late spring to early fall. Using stack-effect driving 
force calculations based on indoor-outdoor temperature differences, USEPA (2012b) 
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showed that a slight correlation exists between stack-effects and weekly indoor air 
concentrations. Holton et al. (2013) used their data to project outcomes of common 
sampling schemes, including a winter sampling scheme, and concluded that 
mischaracterization of occurrence and magnitude of VI exposure was likely at homes 
with VI behavior like the one studied. The results from Holton et al. (2013) conflict with 
those of USEPA (2012b) and suggest that differential temperature and stack-effect 
driving force calculations may not be indicative of VI.   
The purpose of this study was to evaluate whether selected environmental factors 
are indicative of VI. The factors evaluated were differential temperature, wind speed, and 
precipitation.  
 
VIII.2 EXPERIMENTAL APPROACH AND METHODS 
 VIII.2.1 Experimental approach. As mentioned above, the purpose of this study 
was to evaluate whether certain environmental factors are indicative of VI. To do this, 
indoor air concentration data and selected environmental factors were compared on a 24 
h basis. This time period was chosen for comparison because of the common use of 24 h 
samples in standard VI pathway assessment. This study was conducted under natural 
conditions from August 2010 through August 2012 (0 d < t < 736 d). The data presented 
below are placed on a timeline consistent with other chapters and previous publications 
(Holton et al., 2013; Holton et al., 2015), where time (t) = 0 is 8:00 AM on 8/15/2010. 
VIII.2.2 Study house. The study site is a split-level, two-story, three bedroom 
house with an attached garage on its lower level. The house foot print is approximately 
85 m
2
 (915 ft
2
) and sits on a southern-facing slope with an elevation drop of about 2.5 m 
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from the back to front of the property. The sub-foundation drains to a pipe connected to a 
local land drain system running parallel with the street. A photo of the house appears in 
Holton et al. (2013) and details of the subsurface infrastructure are provided in the 
supporting information of Holton et al. (2015).  
The house sits over a dilute chlorinated solvent-impacted groundwater plume 
containing 1,1,1-trichloroethane, trichloroethylene (TCE), and their associated 
degradation products (e.g., 1,1-dichloroethylene). The average dissolved TCE 
concentrations in groundwater samples collected below the building slab ranged from 
approximately 10-50 μg /L over the course of the study period with a mean value of 
23.04 μg /L. The depth to groundwater is estimated as 2.5 m (8 ft) below the house slab 
(BS) based on the absence of water at most 1.8 m (6 ft) BS sampling locations and the 
presence of water at 2.7 m (9 ft) BS sampling points.  
VIII.2.3 Equipment and methods. TCE concentrations in indoor air, along with 
a suite of other chlorinated VOCs (CVOCs), were determined using two separate 
methods: (a) near-instantaneous 1-min 100 mL samples collected every 2-hr and 
analyzed using a HAPSITE portable gas chromatography/mass spectroscopy (GC/MS) 
unit (Inficon, Syracuse, NY) and (b) 4-hr time-averaged 12-L samples collected on multi-
bed sorbent tubes analyzed by thermal desorption and GC/MS. Indoor air sampling 
locations are shown in the schematic in Figure VIII.1. Further details of these methods 
are discussed in Holton et al. (2013). TCE concentrations are presented and discussed as 
their behavior is representative of the other CVOCs monitored at the site.  
 On-site meteorological data was measured and recorded using a Model 110-WS-
16 Modular Weather Station and 110-WS-16D Data Acquisition Module (NovaLynx 
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Corporation, Grass Valley, CA). The on-site weather station was equipped to monitor 
wind speed and direction, temperature, relative humidity, and precipitation and recorded 
measurements on 10-min intervals. The approximate location of the on-site weather 
station is shown in Figure VIII.1. A photo of the on-site weather station is shown in 
Figure VIII.2. Due to issues with operation of the precipitation gauge, precipitation data 
was collected from a nearby meteorological station at Ogden-Hinkley Airport to compare 
and substitute compromised data collected on-site. This data was downloaded from the 
National Oceanic and Atmospheric Administration’s National Climatic Data Center. 
 In addition, indoor and outdoor temperatures were monitored on 2-min intervals 
using Type J thermocouples and recorded using a data acquisition module (Model OMB-
DAQ-56, Omega Engineering Inc., Stamford, CT). The reference point for indoor 
temperature was located in the lower-level of the house and the outdoor reference point 
was located at the southeast corner of the house underneath a slight overhang. The 
approximate locations of these reference points are shown in Figure VIII.1.  
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Figure VIII.1. Schematic of building footprint and sampling locations. 
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Figure VIII.2. Photo of the on-site weather station in the backyard of the study house. 
 
VIII.3 RESULTS AND DISCUSSION 
 VIII.3.1 Indoor air concentrations. Figure VIII.3 shows the synthetic 24 h 
indoor air concentration data set reported in Holton et al. (2013). For details on the 
procedure used in generating the synthetic data set or to see the real-time data set see 
Chapter 2 or Holton et al. (2013). As discussed above, seasonal variability is apparent in 
the data set. The mean concentration for the synthetic data set is 0.09 ppbv and the 
maximum concentration is 2.4 ppbv.  
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Figure VIII.3. Synthetic 24 h indoor air TCE concentration data set adapted from Holton 
et al. (2013) (values <0.011 ppbv are plotted as 0.011 ppbv).  
  
 VIII.3.2 Meteorological data. Figure VIII.4 shows 24 h average differential 
temperature values (indoor temperature – outdoor temperature) from 169 d < t < 736 d. 
Indoor temperature was monitored starting on t = 169 d, which is why data from 0 d < t < 
169 d is not included in the plot. As expected for temperature data, the results show a 
strong seasonal pattern. Figure VIII.5 shows 24 h average wind speed measurements 
from 76 < t < 736 d. Unlike differential temperature, there isn’t a visible seasonal pattern 
in the wind speed data. Lastly, Figure VIII.6 shows 24 h values for precipitation for 0 d < 
t < 736 d collected from the nearby Ogden-Hinckley Airport weather station.  
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Figure VIII.4. 24 h average differential temperature (indoor – outdoor) values measured 
at the study site from January 2011 to August 2012 (169 d < t < 736 d). 
 
 
Figure VIII.5. 24 h average wind speed measurements from the study site using a three-
cup anemometer on a single axis from October 2010 to August 2012 (76 d < t < 736 d).  
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Figure VIII.6. Daily precipitation values from August 2010 to August 2012 (0 d < t < 736 
d) from the Ogden-Hinckley Airport weather station obtained from the National Oceanic 
Atmospheric Administration’s National Climactic Data Center. 
 
 VIII.3.3 Data comparison. Figures VIII.7 to VIII.9 show the direct comparison 
of the 24 h average indoor air TCE concentrations with the meteorological data shown 
above. The data was plotted only when data was available from the same day. For 
comparison with daily precipitation values, lag times of 1-3 days were considered for 
plotting, but were not included since they did not differ significantly from the same-day 
comparison.  
 A review of Figures VIII.7 to VIII.9 suggests that a weak correlation exists 
between TCE concentration and differential temperature, whereas, no correlation exists 
between TCE concentration and wind speed or precipitation. These results are similar to 
what was reported by USEPA (2012b). For example, the larger range of 24 h indoor air 
TCE concentrations during periods when the differential temperature is elevated supports 
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the idea that differential temperature is at times indicative of VI. However, it also shows 
that false-negative results can occur and that sampling during periods of high differential 
temperature (i.e., winter sampling) does not guarantee accurate assessment.   
  
 
Figure VIII.7. Comparison of 24 h average differential temperature values with 24 h 
average TCE concentrations in indoor air. 
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Figure VIII.8. Comparison of 24 h average wind speed values with 24 h average TCE 
concentrations in indoor air. 
 
 
Figure VIII.9. Comparison of daily precipitation values with 24 h average TCE 
concentrations in indoor air 
 
 VIII.3.4 Conclusions and implications. The results presented above highlight 
the limited utility of differential temperature, rainfall, and wind speed for supporting 
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indoor air sampling results. The connection between differential temperature and indoor 
air concentrations suggests that indoor air sampling plans that favor periods of higher 
differential temperature, such as winter sampling events, are more likely to observe VI.  
Nonetheless, as shown by the assessment of common indoor air sampling schemes by 
Holton et al. (2013), winter sampling plans can still result in false-negatives and poor 
characterization of long-term mean concentrations.  
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